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A low-cost automated, picosecond laser spectrometer based on a
two-dimensional optical multichannel analyzer (OMA) interfaced to a
home-assembled microcomputer has been developed._This instrument provides
broad-band difference spectra of short-lived intermediates over a range of
300 nm in a few laser shots with excellent resolution in both absorbance
(#0.025 optical density units) and wavelength (0.7 nm).

Several inorganic complexes of Cr(III) show promise as dynamic absorbers
(e ~10% M-Ycm=1 in the excited state) in the 530 nm region. They
respond in 10-25 ps and recover in the nanosecond time range.

Effects of intramolecular torsional motions and of the viscosity of the
solvent medium on the excited state lifetime have been studied in a series of
triphenylmethane dyes. These results offer possible ways of controiling the
time response of dynamic filters in the picosecond to nanosecond time range.

Fast electron transfer has been studied as a way of producing highly
absorbing radical ions in several porphyrins and micellar media have been
investigated as a way of inhibiting the reverse electron transfer process,
thus increasing the efficiency of production of the dynamically absorbing
species.

A coherent laser upconversion technique for picosecond, time-resolved

fluorescence emission studies with a synchronously pumped modelocked dye laser
has been developed.

A comprehensive review of experimental techniques for chemical
measurements in the picosecond time range has been prepared plus an historical
review of the development of the flash photolysis technique from microsecond
to picoseconds.
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FOREWORD
This report was prepared by Maurice W. Windsor, Professor of Chemistry

and Chemical Physics, Washington State University. It describes research

carried out under his direction from June 1976 to June 1981 in The Picosecond

Laser Laboratory and supported by the U.S. Army Research Office under Grant

Number DAAGZ29-76-G-0275.
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THE VIEWS, OPINIONS, AND/OR FINDINGS CONTAINED IN THIS REPORT ARE THOSE OF THE
AUTHOR(S) AND SHOULD NOT BE CONSTRUED AS AN OFFICIAL DEPARTMENT OF THE ARMY
POSITION, POLICY, OR DECISION, UNLESS SO DESIGNATED BY OTHER DOCUMENTATION.
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1. STATEMENT OF THE PROBLEM

Laser devices of various types are finding increasing military
application. Consequently there has arisen a need to provide protection to
both personnel and to electronic sensors against possible damage from expo-
sure, either deliberate or accidental, to laser radiation. In the case of
personnel, the greatest concern attaches to eye protection. Anti-laser
devices that function in the region of the visible spectrum arc therefore of
greatest interest. In the case of electronic sensors, protection must, in
addition, be provided in the ultraviolet and more especially in the infra-red.

Permanent filters that absorb radiation in predetermined regions of the
spectrum can provide a certain measure of protection, particularly against
lasers of known and non-variable wavelength. However, the proliferation of
laser frequencies in recent years and the advent of tunable lasers combine to
create a threat that static filters alone cannot combat. To illustrate this,
consider the problem of providing eye protection over the entire visible
region. A combination of several broadband static filters could be used to
prevent damage, but at the cost of greatly impairing the individual's vision.
A similar situation applies in the case of electronic sensors. Clearly a more
sophisticated solution than the static filter must be developed.

Dynamic filters that become highly absorbing only on exposure to the
threatening laser radiation would provide an ideal solution, especially if the
dynamic absorption were also rapidly reversible. As a result of several basic
and applied research efforts over the past fiftecen years, many classes of
dynamic filter materials are now known. When their dynamic response occurs in
the visible region, such materials are called “photochromic". Research on the
development of reversible photochromic materials and their appliication to

providing eye protection against the flash from nuciear weapons has been car-

ried out by several investigators, ircliuding the present writer.(]) The




investigation of dynamic filter materials for laser protection has grown out
of these early efforts to provide flash-blindness protection. Two small (15K
and 836K, respectively) research efforts under my direction, initially at TRW
Systems(z) and more recently at Washington State University(3) showed that

the approach seems to be theoretically feasible. While preliminary experi-
ments have shown promise, dynamic effects adequate to provide significant
protection have yet to be demonstrated.

It is harder to provide protection against laser than against nuclear
weapons. In the case of nuclear devices, although .ye-protection is needed
throughout the entire visual region, ancillary wavelengths present in the
nuclear flash (e.g., the ultra-violet) can be used to operate or trigger the
protective device. In addition, because of the relatively slow rise time of
the visible and thermal pulse, (milliseconds even for low-yield devices and ;
much longer for larger weapons), resort must often be had to supplementary

pumping of the photochromic device by means of an auxiliary flash lamp.(a)

0—]2

In the case of lasers, pulses of very short duration (10'7 to 1 sec)

12 watts) present the most severe threat.

and very high power (106 to 10
Such short, high-power pulses are often produced deliberately for specific
applications, using techniques known as Q-switching and mode-locking.
However, it is now recognized that many CW lasers and lasers designed for
lower power, longer-pulse operation, may nevertheless become adventitiously
mode-locked. Thus, protection against short-duration, high-power laser pulses
must constantly be borne in mind.

In evaluating a prospective dynamic filter material, the properties that

it is important to have knowledge of are:

1) the strength and spectral extent of excited state absorption.

2) the amount and spectral extent of ground-state bleaching.




3) the relaxation time of the excited state or states.

4) the pathway by which relaxation occurs if intermediate states are
involved.

5) whether or not liaht is emitted when relaxation occurs.

6) quantum yield data where competing processes are involved, (or

sufficient kinetic data that yields may be calculated).

In addition, it would be valuable to have enough such data and for enough
representative compounds that correlations might be sought between excited
state properties and molecular structure. If such generalizations could be
found, they might then be used predictively for designing compounds that
hopefully would turn out tc have enhanced properties and improved behavior.

In addition to the search for suitable dynamic filter materials, there is
also concern over the possible behavior of "permanent" filter materials when
exposed to high-power laser radiation.(s) Possibly such filters may bleach
when exposed to the very high optical intensities present transiently during
exposure to a Q-switched or mode-locked laser pulse, thus losing their effec-
tiveness. Such bleaching can occur when excitation by the laser pulse leads
to the production of an excited state or states of the molecule that absorb
less strongly than the ground state. Thus knowledge of the spectral extent
and strength of absorption of excited states of molecular filter materials is
of importance. It is also important to know the relaxation time of these
excited states, i.e., how rapidly they revert to the ground state and whether
or not light is emitted when this occurs. The more rapid the return to the
ground state, the more “"robust" the material will be toward bleaching, espec-
jally if the return is rapid in relation to the duration of the laser pulse.
Conversely, slow return will mean that later portions of the laser pulse will
encounter a lower absorbance than that met by earlier portions and some

transmission may, therefore, occur,




To assess the effects of incident laser pulses on permanent filter
materials and perhaps design improved materials, it is clear that the same
kinds of information are needed as those already itemized for dynamic filter
materials.

At present we do not have enough information on the properties of excited
states of molecules from which to develop a theoretical understanding of their
behavior when exposed to high-power, short-duration laser pulses. The data
base of spectroscopic and kinetic measurements must be extended, especially
for model compounds whose other properties are well understood. Correlations
need to be sought between such data and the composition and structure of the
molecules studied, in the hope that generalizations can be found that will be
helpful in seiecting or designing molecules for various dynamic filter
applications.

The goal of the present research effort has been to further develop and
refine the ultra-fast flash photolysis and spectroscopy technique developed in
the author's 1aboratory(6) and apply it to obtaining nanosecond and pico-
second spectroscopic and kinetic data on a variety of dynamic absorbing
materials. Specific objectives envisaged in the original proposal were:

1. Improved efficiency of gathering and manipulating spectral and

kinetic data, using a 2-dimensional optical multichannel analyzer
(OMA) technique.
2. Improved sensitivity of measuring optical density changes and

extension of the spectral range of monitoring.

3. Provision of excitation wavelengths additional to 1060 nm and
530 nm.
4, Employment of the improved instrumentation for spectroscopic and

kinetic studies of the excited state behavior of various compounds

thought to be promising for dynamic filter application.




5. An attempt to seek relationships between excited state properties

and the chemical composition and structure of the molecules studied.

2. SUMMARY OF THE MOST IMPORTANT RESULTS

A detailed account of the research findings is given in the various
publications listed in the following section (Section 3). We present a brief
summary here keyed to these publications. To avoid confusion with the bibli-
ography at the end of the report we identify these publications alphabetically.

2.1 Automated Picosecond Spectrometer with 2-d OMA Detection.

A low-cost system for converting a single-pulse picosecond laser
spectrometer t~ an automated instrument has been successfully developed and
tested (C and J). This system makes possible the acquisition, in less than an
hour using only one or two dozen laser shots, broad-band absorption difference
spectra of short-lived intermediates over a range of up to 300 nm with excel-
lent resolution in both absorbance (* 0.025 optical density units) and wave-
length (0.7 nm). Lower resolution spectra, suitable for exploratory study of
new compounds that are potentially dynamic absorbers, are obtained in a matter
of minutes with only a few laser shots. The automated spectrometer employs a
standard vidicon-optical multichannel analyzer (OMA) detector, operated in the
2-dimensional mode, for data acquisition, and this is then interfaced to a
reliable home-assembled microcomputer. The latter can also be used for
acquisition and analysis of data from other laboratory instruments.

2.2 Excitation Wavelength Flexibility

Additional flexibility in excitation wavelength in the region 530 nm
to 650 nm has been obtained by stimulated Raman scattering of the Nd laser

second harmonic pulse at 530 nm in suitable solvents (see D, Table 5.1). For

example, we now routinely employ a 7 ps, 600 nm excitation pulse produced in a




5 cm cell of perdeuterocyclohexane. Conversion efficiency is in the range
10-20% compared to the 530 nm pump pulse.

Efforts to obtain shorter wavelength picosecond excitation pulses using a
ruby laser system met with poor success (see Progress Report for 7/1/78
through 12/31/78). Mode-locked operation of the osciliator in the TEMOO
mode was unreliabie. Less than one shot in five gave a pulse train clean
enough for single pulse selection. Multimode operation gave more reproducible
pulse trains, but at the expense of a more divergent beam that could not be
amplified significantly. The ruby laser was therefore converted to normal
Q-switched operation and has subsequently been used profitably for measure-
ments in the nanosecond time range. Attempts to generate the third and fourth
harmonics (353 nm and 265 nm) of our Nd/glass laser following two stages of
amplification were only partially successful. Although detectable amounts of
energy could be generated at these wavelengths, conversion efficiencies were
too low for application as excitation pulses for picosecond spectroscopy. It
was not therefore possible to study some of the simple aromatic hydrocarbon
systems, such as anthracene and coronene, that are potentially valuable for
structural correlations. A Nd/YAG laser system operated in the TEM00 mode,
or a synchronously pumped, mode-locked dye laser system with harmonic doubling
appear now to be better approaches to extending picosecond spectroscopic

studies to shorter excitation wavelengths.

2.3 Inorganic Complexes, Especially Cr{IIl), as Dynamic Absorters.

Promising results relevant to the problem of finding dynamic
absorbers to provide protection in the mid-visual range around 530 nm were
obtained with a series of complexes of chromium(III) (see A, B and p. 260 of

D). The species studied were trananr(en)z(NCS)2+; trans—Cr(NH3)2(NCS)4‘;

and Cr(NCS)g~, all in fluid solution at room temperature. In their

NS




! cm‘]) at 530 nm,

ground states these ions absorb quite weakly (e < 100 M~
but, in the doublet excited state, charge transfer transitions give rise to
intense (¢ ~ 10,000 M'] cm']) and very broad (~ 8000 cm']) absorption

centered near 540 nm. Our studies show that the doublet excited state is
formed in 10-25 ps (this measurement is not instrument limited), dependent
upon the species and the solvent (A), and persists for times in excess of 5 ns
(B), the upper time limit of our system. Ohno and Kato have reported nano-
second lifetimes in fluid solutions increasing to milliseconds in rigid
glasses at low temperatures or polymethylimethacrylate polymer at room tempera-
ture (7). In an earlier picosecond photographic study in our laboratory (8,
see Fig. 1), the reduction in the intensity of the 530 nm pump pulse at 100 ps
time delay compared to zero time delay is readily apparent. We recommend

further studies of similar complexes.

2.4 Effects of Molecular Structure and Viscosity of the Medium on

Relaxation of Excited States.

A continuing study of the electronic relaxation of the excited
singlet state of triphenyimethane dyes, especially crystal violet (CV), as a
function of solvent viscosity has provided valuable insights into the mechan-
isms by which excited states of large dye molecules are deactivated (F, H, M,
N). Torsional motions of parts of the molecule in the excited state appear to
play a crucial role in mediating electronic relaxation. Viscous damping by
the solvent can ninder such motions, thereby lengthening the excited state
lifetime. This result has important implications with regard to the formula-
tion of dynamic filters because it could provide a means for controlling the

time response of the system.




2.5 Laser Upconversion Technique for Picosecond Time-Resolved

Fluorescence Studies

Closely related to and overlapping with the studies in 2.4 is the
development of a laser upconversion technique for observing tﬁe excited state
of CV and related molecules in emission, via upconversion of the fluorescence
by coherent mixing with a component of the exciting laser pulse (H). This
work was carriea out during my sabbatical leave (1978-79) at The Royal
Institution, London, England, using a synchronously pumped mode-locked dye
laser system. The technique has high sensitivity, meaning that excited sing-
let states under conditions of very low fluorescence yield {<1%) can be stud-
ied, and also provides excellent time resolution (2-4 ps). Coupled with a
picosecond tunable dye-laser system, it provides an excellent diagnostic tool
for following time-dependent, spectral absorbance changes of dynamic filters
down to the shortest times.

2.6 Radical Ions as Dynamic Absorbers and Electron Transfer Studies

Additional flexibility in providing very rapid changes in spectral
absorbance in response to an incident laser pulse is provided by the recogni-
tion that electron transfer reactions can be exploited to generate new absorb-
ing species in very short periods of time. In such systems, light absorption
first produces an excited state of the donor (D) molecule, which then trans-
fers an electron to another type of molecule called the acceptor (A). In the
process two new chemical species are produced, the radical cation of the
donor, D+, and the radical anion of the acceptor, A". Electron transfer

reactions are normally very rapid, taking place on the picosecond (10']2

sec)
time scale. Thus if electron transfer takes place from the excited singlet
state (S]) of the donor that is directly produced by the initial act of

1ight absorption, and if the donor and acceptor are in close proximity as in a

molecular complex, the response time of the system can be extremely rapid. In




other cases, electron transfer occurs from the lowest triplet state (T]) of
the donor. In these cases, the response time will usually be in the nano-
second to microsecond time range, corresponding to the time for intersystem
crossing from S] to T]. In both cases (singlet donor and triplet donor)
the response time may also be controlled by the time it takes for the donor
and acceptor to meet each other (the encounter time) if both donor and
acceptor are free molecules in fluid solution. This time could range from
tens of picoseconds (~10_]]sec) to microseconds depending upon the
concentrations employed.

In the case of molecular excited states, the decay of the dynamic
absorption will be first order, either radiatively by the emission of fluores-
cence or non-radiatively by internal conversion or more likely by both
routes. The decay time can vary from picoseconds to as long as seconds where
a spin-forbidden transition is involved, as for example when the excited state
is a triplet-state of an aromatic molecule and a rigid medium is used. For
radical ions, on the other hand, the decay entails a bimolecular encounter
followed by a reverse electron transfer. In many cases the reverse electron
transfer takes place extremely rapidly (<10_]]sec) before the radical ions
have time to separate. For dynamic filter applications this is undesirable,
because it means that the induced absorption does not persist long enough to
provide a useful measure of protection against the incident laser pulse. In
our research we are trying to find ways of inhibiting the reverse electron
transfer process, while at the same time either not affecting or even perhaps
speeding up the forward electron transfer reaction. Since nature has already
accomplished this highly desirable state of affairs in photosynthetic reaction
centers, there is much to be learned from studying these and related model

pigment systems. A natural and synergistic overlap therefore occurs between




our research on dynamic absorbers and our studies of the primary charge

separation process in photosynthesis. It is worth noting and emphasizing that
porphyrins constitute a large and versatile class of molecules that are highly
absorbing in the visible and near infra-red regions of the spectrum and which
also possess a good measure of both thermal and photochemical stability.

Two publications (G,K) describe studies aimed at gaining an improved
understanding of electron transfer reactions in micellar media. The structur-
ed environment provided by micelles (aggregates of detergent molecules) offers
the possibility of controlling the rates of both the forward and reverse elec-
tron transfer reactions involved in the formation and decay of radical ions.
One publication (L) describes a spectroscopic study of a series of porphyrin
dimer complexes. The objective here is to better understand the photophysical
and photochemical behavior of artificial systems that mimic closely in struc-
ture the very successful natural systems, many of which employ a chlorophyll
dimer as the electron donor.

2.7 Invited Reviews of the Literature

The preparation of two comprehensive reviews (D and E) received
partial support from this contract. The first (D) reviews the experimental
techniques needed to make spectroscopic and kinetic measurements in the very
short time range. The second (E) is narrower in scope and presents an histor-
ical and somewhat personal perspective on the development of the flash photol-
ysis technique over the past three decades from the microsecond to the pico-
second time range followed by a discussion of the primary charge separation
process in photosynthesis. The latter survey was presented as an invited
plenary lecture at a Roya) Society Discussion on Ultra-Short Laser Pulses held

at Carlton House, London, May 23-24, 1979.
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Picosecond Studies of Excited-State Decay
Kinetics in Chromium(I11): ¢trans-Diisothiocyanato-
bis(ethylenediamine)chromium(II1), Reinecke’s Sait,
and Hexaisothiocyanatochromium(I1l) in H0O

and D0 at Room Temperature

Sir:

The interest in excited-state relaxation in Cr(111) complexes
stems from the debate over the identity of the photoactive state
in Cr(111) photochemistry. Early work by Plane and Hunt! and
Schlifer? suggested that the lowest doublet state was the pri-
mary intermediate responsible for photochemistry. Subse-
quently. Chen and Porter? established that at least some of the
photoproduct in the photoaquation of trans-Cr(NH;).-
(NCS)s~ must derive from sources other than the doublet.
Trey suggested that the lowest quartet excited state was re-
sponsible. In addition, the lack of direct evidence for doublet
photochemistry led them to suggest that all other photoproduct
could be a consequence of thermally activated back intersystem
crossing from the doublet to the quartet similar to the process
of E-type delayed fluorescence. Since then, it has been dem-
onstrated that some, if not all, of the photochemistry for several
complexes derives from the lowest excited quartet state.® The
quartet hypothesis is supported by the successful prediction
of product stoichiometry by models based on the ligand field
strength of the first coordination sphere. The first of the
spectroscopic models was developed by Adamson.® Models
have since been developed to rationalize Adamson’s rules which
use MO theory to account for changes in the ¢ and x character
of the metal ligand bonds as a result of the change in electronic
configuration in the lowest excited quartet state.® Even ste-
reochemical changes have been rationalized.” The similarity
in formal electronic configuration between the ground and
doublet states (t*) and the negligible Stokes shift of the
doublet phosphorescence has suggested that there was negli-
gible difference in geometry between the two states and that
bond rupture in the doublet was therefore no more likely than
in the ground state.* However, ihis argument is weakened by
the following considerations. Intensity progressions in the vi-
brational structure of the phosphorescence of Cr(CN)g'~ have
been interpreted as evidence for considerable distortion arising
from compression of the metal-ligand bonds in the doublct
relative to the ground state.® In addition, configuration inter-
action (1" the’c,) could cause some increase in average bond

lengths as the crystal field parameter (10 Dq) decreases and
the excited quartet -doublet energy gap shrinks.'” Thus, dou-
blet reactivity cannot, at present, be completely ruled out.

Excited-state kinetic and spectroscopic studies of Cr(I11)
complexes under photochemical conditions may contribute to
the understanding of the mechanism of the photochemical
reaction. Until recently, however, studies of the photophysics
of excited states in Cr(I11I) have been limited to studies of ruby:
observations of phosphorescence of complexes at low tem-
perature; and to data obtained indirectly through studies of
photochemistry, emission quenching or sensitization. Nano-
second pulsed laser studies of the decay of emission or excited
state absorbance (ESA) in acidoammine complexes of Cr(I11)
may be helpful in assessing the role of the doublet state in
photoreaction.!! '3 However, picosecond time resolution is
needed to examine the role of the excited quartet state in
Cr(111) photochemistry. Earlier studies in our laboratory, of
picosecond excited-state relaxation in transition metal com-
plexes, suggested that the excited quartet lifetime in Cr(1i])
complexes was oo short to measure (<10 ps).!* We have ex-
tended this work. Repeated studies of trans-Cr(en)(NCS);*.
trans-Cr(NH3)2(NCS)s~ and Cr(NCS)e'~ show that, while
the rise time of transient absorbance is fast (11 ps < 7 <24 ps).
it is within the time resolution of our picosecond flash system
We have also studied the influence of the medium on the rate
of arpearance of transient absorbance.

Excited-state spectroscopy and measurement of excited-
state lifetimes were performed using the picosecond flash
photolysis system described elsewhere.'® Solutions were pre-
pared in H;0 and D,0 at the start of each experiment. The
counterions were K+ and NH4* in Cr(NCS),*~ and rrans-
Cr(NH;)2(NCS),~, respectively. The counterions were Cl
and ClO4~ in the case of trans-Cr(en)2(NCS),*. and the rise
times of transient absorbance were equivalent in both media.
Solutions of Cr(111) were typically 0.1 M, and a fresh solution
was used for each flash. The transient spectra were identical
with those observed in the earlier picosecond work'* as well as
those reported for the excited doublet state i low temperature
glassy media.'® Similar spectra were also observed in nano-
second room-temperature kinetic spectroscopy.'?'? We have
estimated the extinction cocfficients of the excited-state
transitions by comparison with the excited singlet transition
in Rhodamine 6-G ((S)) = 48 X 10* M cm~ ' at 450 nm' 7).
The values all lic between 10 and 10* M~ ¢cm~! and agree
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Table L. Rise Time of transient absorbance

complex

trans-Crien),INUS) L ? 24+ 2(2)
trans-Cr{NH O (NCS), 22+ 2(4) +2(3
CRNCS) l6£2(2)  1236(2)

16 £ 3 (4)v

¥ The value 10 parentheses represents the number of measurements
from which the standard deviation was calculated. In cases where an
average is presented for only two measurements, the uncertainty re-
flects arbitranily twice the difference between the two experimental
values.

reasonably well with previously reported values. 1219 The rise
times of excited-state absorbance (ESA) were independent of
probe wavelength and are listed in Table I. By measuring the
rate of appearance of excited singlet absorbance (S)) in Rho-
damine 6-G (6 £ 2(4) ps), we established that our measured
rise times of transient absorbance observed for the Cr(lil)
complexes were within our experimental time resolution and
also provided an independent measure of the width of our pi-
cosecond pulse. Rate plots were linear for 1 to 2 lifetimes and
were not corrected (or the influence of the pump pulse.

There are two notable features apparent in the data in Table
I. First, there w very little change in the transient rise time from
one complex to another. The transient has been assigned as the
lowest doublet excited state on the basis of the close similarity
in the lifetimes for the decay of ESA and the decay of phos-
phorescence intensity in frans-Cr{NH;)(NCS),~ at low
temperature.'®® If the rise in ESA reflects intersystem crossing
(ISC) from the vibrationaliy equilibrated first excited quartet
state to the doublet state, the lifetime might be expected to be
dependent on the energy gap between the minima in the dou-
blet and the excited quartet potential energy surfaces. The data
show little or no dependence on 10 Dgq, the value of which
should reflect that gap. An alternative interpretation is con-
sistent with evidence reported by Kane-Maguire et al.'® that
intersystem crossing may compete with vibrational equili-
bration in Cr(111) complexes. Since the energy of the lowest
doublet is relatively insensitive to 10 Dg, the rise time may
reflect a combination of intersystem crossing from the initially
formed quartet state to the doublet state and relaxation within
the doublet manifold from the vibrational level isoenergetic
with the Franck -Condon state produced in the excited quartet
at the energy of the laser pulse (1.88 um~' or 530 nm). The
energy separation between the initially attained vibrational
level in the doublet and the zeroth vibrational level would then
be relatively independent of the nature of the complex. Con-
sequently, the observed lifetime might not be sensitive to
changes in 10 Dyg if intersystem crossing were comparable with
or faster than vibrational decay. A similar explanation was
used recently to explain excited-state relaxation in trans-
Cr(NH),(NCS)4~ "} If this is the correct model, the observed
lifetime might depend on the energy of the Franck -Condon
state in the excited quartet manifold. Picosecond studies as a
function of excitation wavelength would be helpful in exam-
ining this possibility.

Second, there 1s a modest but definite isotope effect. The
expected effect of 1,0 on the rate constant (a reduction) is
observed. however, only in the case of trans-Cr(en)(NCS);*.
The reverse effect is observed in trans-Cr(NH3)2(NCS)4~ and
perhaps in Cr(NCS), ', the rates in these cases being accel-
crated. Isotope exchange for coordinated ammine protons may

6519

be responsible for changes in the measured lifetimes, but still
would be expected to lengthen quartet lifetimes in each com-
plex regardless of whether the perturbarion was inner or outer
sphere. However, the opposite effects on doublet risetimes may
reflect a charge dependence similar to that reported in the
photochemistry of trans-Cr(en);NCSF* and trans-

Cr(NH;3)2(NCS)47.!'° and in photophysical studies of ESA
decay on the nanosecond time scale for Cr(NH;)sNCS*,
trans-Cr(NH1)2(NCS)4~, and Cr(NCS),3~.'? Additional
studies of the medium dependence of excited-state decay in
Cr(111) complexes are underway.

In conclusion, we have shown that the rise time of excited-
slate absorbance is measurable and longer than the earlier
estimate of <10 ps. We believe that the available evidence
favors the doublet-state assignment for the observed ESA.
However, the precise details of the relaxation mechanism from
the initially excited quartet state to the doublet manifold
remain to be unraveled.

Acknowledgment. The authors gratefully acknowledge
discussions with Professors G. B. Porter and A. D. Kirk and
also thank them for samples of [frans-Cr(en);(NCS),]ClO,
and [trans-Cr(en)2(NCS)4]Cl. This work was supported by
the U.S. Army Research Office under Grant DAAG 29-76-
9-0275.

References and Notes

(1) R. A_Plane and J. P. Hunt, J. Am. Chem. Soc., T8, 3343 (1957)

(2) H. L. Schiater, J. Phys. Chem., 89, 2201 (1965).

(3) S. Chen and G. B. Porter, Chemn. Phys. Lett., 8, 41 (1970) see aisoc G. B
Porter, 5. N. Chen, H. L. Schiater, and H. Gausmann, Theor. Chim. Acta,
20, 81(1971).

(4) H. F. Wasgestian, J. Phys. Chem., 76, 1947 (1972); N. A. P. Kane-Maguire
and C. H. Langford, J. Am. Chem. Soc., 94, 2125 (1972); C. H. Langford
and L. Tipping, Can. J. Chem., 50, 887 (1972), R. Ballardini, G. Varani, H
F. Wasgestian, L. Moggi, and V. Balzani, J. Phys. Chem., T7, 2947
(1973).

(5) A. W. Adamson, J. Phys. Chem., 71, 798 (1967).

(6) J. 1. Zink, J. Am. Chem. Soc., 98, 4464 (1974), and references therein; M
Wrighton, H. B. Gray, and G. S. Harmmond, Mol. Photochem., 5, 164 (1973);
C. Furiani, Theor. Chim. Acta, 34, 233 (1974); L. G. Vanquickenborne and
A. Ceulemans, J. Am. Chem. Soc., 99, 2208 (1977).

(7) L. G. Vanquickenborne and A. C ans, J. Am. Chem. Soc., 100, 475
(1978).

{8) V. Balzani and V. Carassiti, *'Photochemistry of Coordination
Academic Press, New York, N.Y., 1970; A. D. Kirk, Mol. Photochem., 5.
127 (1973).

(8) C.D. Flintand P. Greenhough, J. Chem. Soc., Faraday Trans. 2, 70, 815
(1974).

(10} J. C. Hempel and F. A. Matsen, J. Phys. Chem., 73, 2502 (1969).

(11) A. W. Adamson, C. Geosling, R. Pribush, and R. Wright, inorg. Chim. Acta.
16, L5 (1976); b) F. Castelli and L S. Forster, J. Phys. Chem., 81, 403
(1977).

(12) S. C. Pyke, M. Ogasawara, L. Kevan, and J. F. Endicott, J. Phys. Chem.,
82, 302 (1978).

(13) A.R. Gutierrez and A. W. Adamson, J. Phys. Chem., 82, 902 (1978).

(14) A.D. Kirk, P. E. Hoggard, G. B. Porter, M. G. Rockiey. and M. W. Windsox,
Chem. Phys. Lett., 37, 199 (1976).

(15) D. Magde and M. W. Windsor, Chem. Phys. ieft., 27, 31 (1974)

(16) (a)R. A. Krause, |. Trabjerg and C. J. Ballahusen, Chem. Phys. Lett., 3, 297
(1969); (b) T. Ohno and S. Kato, Bull. Chem. Soc. Jpn., 48, 1602 (1973),
and references therein.

(17) G. Dolan and C. R. Goldschimidt, Chem. Phys. Lett., 39, 320 (1976)

(18) N. A. P. Kane-Maguire, J. E. Phifer and C. G. Toney, inorg. Chem., 15, 593
(1976).

(19) C.F.C. Wong and A. D. Kirk, Can. J. Chem., 54, 3794 (1976).

Stephen C. Pyke, Maurice W. Windsor*

Department of Chemistry, Washington State University
Pullman. Washington 99164

Received May 17,1978




NES Speesid fibtites (03], @)

(47§ 528 ,137°&

PICOSECORD STUDIES OF TRANSITION METAL COMPLEXES

Patrick E. Hoggard, Alexander D. Kirk!, Gerald B. PorterZ, Mark G. Rockley3,
and Maur{ice W. Windsor*
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New York, NY

Lifetimes of excited electronic states of a number of transition meta! complexes
have been measured in solution at room temperature with picosecond time resolution [1]°.
Two experimentally distince 1ifetimes can be retrieved with this technique. The ground
state bleaching (GSB) lifetime §s that for the total repopulation of the ground state,
measured by the regrowth in intensity of absorption bands, initially bleached bscause of
depopulation by the pumping pulse. The excited state absorption (ESA) lifetime is tha*
for depopulation of a particular excited state, measured by the decay of the electrecnic
absorption spectrum from that state.

Both of these processes are observed only under somewhat special ccnditions, and in
addition we have thus far been limited by the necessity that the sample absorb signifi-
cantly at 530 nm, the double frequency of a Nd3" laser. To observe GSB, the molar extinc-
tion coefficient at 530 nm must be higher than about 5000. A similar requirement applies
to ESA - the extinction coefficient must be high, somewhere within the range of the
instrumentation and the continuum pulse used for analysis. Additionally, observation is
impossible if the excited state absorption is masked by the ground state absorpticn.

In spite of these restrictions, a number of transition metal complexes have tgen
found for which we can observe G5B and/or ESA. A summary of some of these results is
shown in the table.

In the case of the Fe(ll) complexes, there are two absorption bands in the visible
region, an intense band above 500 nm, representing a CTTL transition, and anotner much
weaker band below 900 nm, assigned to a 3T, .+ 1Alg ligand field transition. In additien,
transitions from 3CT and ‘qu states are prgbably masked by the spin aliowed charge tran-
sfer band. An estimate of the radiative lifetime of the !CT state from the absorption
spectrum plus the absence of observable luminescence allows us to rule out this state as
too short-lived to contribute toc the observed GSB lifetime. The 830 ps lifetime is con-
sistent with estimates for the ET; lifetime, but could represent decay into the ground
state from any of 3T19: 1719, or -ET.

Department of Chemistry, University of Victoria, B.C., Canada.
2Deoartment of Chemistrv. University cf British Columbia.
3Deoartment of Chemistrv. Oklahama State University.
hoenartment of Chemistrv. Washwagton State University.

“Figures in brackets indicate the literature references at the end of this paper.
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Chromium (IIl) complexes exhibit small extinction coefficients in general, so that
6S8 s not expected to be observed. Exited state absorption from the lowest ligand field
states, “Tz and %E4 would also be expected to exhibit small extinction coefficients with-
in the mani old of ?1gand field states. Observation of ESA in the visible range is thus
to be expected only with 1igands which induce charge transfer states in the regfon of

30-40 kK above the ground state.
required CT bands, and ESA was observed for these complexes.

Thiocyanate and acetylacetonate complexes exhibit the

Table
Ground state Excited state Type of
Complex bleaching absorption transition
[Fe(bipy)3]2+ T = 830 ps
[Fe(phen)3]2’ Observed
[Ru(bipy)z(CHaoﬂ)z]2+ v = 620 ps Amax ¢ 425 nm probably intraligand
[Cr(NH;),(NCS,4) ™ Amax S 520 nm  Charge transfer
t=5ns M- L
[Cr(acac)3] Amax €2 500 nm Charge transfer
’ t=1.5ns ML
3-
[Cr(NCS)6] Amax €2 540 nm Charge transfer
t=5ns M-+L

Although the “T,
es match the ESA of the 2E

state undergoes in
of the pump pulse (ca. 5 ps).
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state is reached by absorption, the ESA spectra of all 3 complex-
state measured at 77 K by Ohno and Kato [2].

ESA spectra of “T,g and 2E states are fortuitously the same, it appears that the “T,gq
gersystem crossing to the ZEg state in a time less than the duratioh

Porter, G. B., Rockley, M. G., and Windsor, M. W.,
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Reliable, inexpensive microcomputer interface for the optical

multichannel analyzer (OMA)
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A microprocessor system and interface for the optical multichannel analyzer (OMA) is
described. The interface hardware and software are very simple and easy to implement. The
microcomputer is used in conjunction with the OMA in the 2-d (two-dimensional) mode as
the data acquisition, analysis and storage system for a 8-ps-resolution transient absorption
spectrometer. However, the microcomputer and interface hardware and software are of
general use in any application where rapid transfer, processing and storage of spectroscopic

information from the OMA are required.

Recent rapid advances in microprocessor technology
make laboratory data acquisition and analysis systems
based on the microprocessor a powerful yet inexpensive
alternative to interfacing instrumentation with mini-
computers. The purpose of this article is to describe
how a simple inexpensive microcomputer was interfaced
to a Princeton Applier Research (PAR) Optical Multi-
channel Analyzed (OMA). A block diagram of the ex-
perimental apparatus is shown in Fig. 1. We have chosen
to describe this particular interface because of our
wpecific experience and because the OMA and related
rapid scan photodetection systems based on vidicon
detectors and diode arrays are used for an increasing
varicety of tasks from Raman spectroscopy to quahiy

Optical | -
Information —> [LA.Wm
Accumulate, -
Transfer Graphics ]
Memory A,B,both
F1G. 1. Block diagram of the overall data acquisition. storage and

analysis system of the picosecond absorption spectrometer The
monitoring pulse from the laser apparatus contains sample ground and
excited state absorption information. This is dispersed by the mono-
chromator and detected by the vidicon coupled to an optical mulu-
channel analyzer (OMA). Spectral information from the OMA is proc
essed by the computer 1o yield a transient absorption spectrum for a
single faser shot. displayed and then stored on a floppy disk

1653 Rev. Sci. Instrum. 50(12). Dec. 1979 0034-6748/79/121653-03%$00.60 « 1979 American Institute of Physics 1653
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control in the manutacture of paints' ' but few micro-
processor interfaces have been described.” This article
describes g working OMA interfuce and s a starting
point for those with interest in other velated micro-
processor applications

The important advantages of our approach are as
tollow:

tar The entire microcomputer system. including 28K
static: RAM memony. 4K programmuble EPROM,
termmnal, printer. plotter. A D and D A converters. and
R floppy disk drive with 350 Kbytes per disk. and soft-
ware can be purchased for under $4000.

thy The actual OMA intertace requires about %20 in
integrated circuit chips Cs) and can be wired in only a
couple of hours and is completely compatible with exist-
ing [ O stgnals available at the OMA console rear panel.

(<) Software requirements to drive the interface are
minimal.

td) General applicability of the hardware and software
for use tn applications where rapid transfer. storage
and analysis of spectroscopic information from the OMA
is required.

te) Our OMA consists of the 1205B vidicon detector
and the standard 1205A console. Thus the present inter-
tace gives this widely used OMA many of the features
ofthe more expensive OMA2 (1215) recently introduced.

A Jarrel-Ash 0.25-m monochromator (without exit
shty is used to disperse the input signal onto the photo-
cathode of the vidicon. The OMA coaverts the intensity
of the signal at any particular wavelength to current by
sweeping the photocathode with an electron beam. The
current versus time signal is divided into 500 channels,
with each channel corresponding to successive vertical

Manual Triggolr
4

'L-—;h——'—ig— GROUND

3
1C7,7%76 702 ~Flash Trigger '

sweeps of the photocathode. The signal is digitized
and can be stored in either of two OMA memories. Fach
of the memory words contains 21 bits of intensity in
formation including hve places for magnitude each
comprising 4 BCD bits) plus a sign bit. We use only
four places of accuracy (16 bits) and ignore the sign bit
since all values are positive. Apy one of the 00 words
per memory can be displayed on the front panct and i
also available at the digital output connector on the
back panel for access by w computer interfuce. The data
for each channel are in parallel form. Channels can
be selected using a cursor button located on the front
panel or by the computer via the digital output conneg-
tor. Similarly. one can reset the cursor to channel zero
or select either OMA memory A or B for output with
push button or computer control.*

The microcomputer mainframe is a SWTPC 6800
{Southwest Technical Products Corporation. San
Antonio, TX) with eight slots along the S0-pin bus for the
microprocessing unit (MPU) and memory boards and
eight slots along a reduced 30-pin bus for 1 O cards. The
Motorola 6800 MPU tn our system is run at 890 KH/.
The 28K of static (211.02) memory comprises the central
memory. along with 4K of EPROM containing disk 1 O
and some data-crunching routines. Six of the [.O ports
are alloted to interfaces for the SWTPC CT-64 terminal
display. the SWTPC PR-40 dot-matrix printer. D A con-
verter, A/D convertei. Houston Instruments HIPLOT
digital plotter, and 8-in. floppy disk drive (model FD-K,
Midwest Scientific Instruments, Olathe, KS). Port 6
along with an unused half of port 4 are used for the
OMA interface described below. Each parallel interface
consists of one Motorola 6821 peripheral interface adap-
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tor (P1A) chip and buffer/drivers tor the 10 lines. The  the computer via the PIA CA T control input that the ex
PIA has two essentially equivadent 1O sections cach  perimental data is stored in the OMA memonies and that
cornisting of eight data lines and two control lines. The data transfer from the OMA to the computer can now
direction of flom on each data line and the response of  take place.
the peripheral control lines are all under softwiire con- The transter of S00 (channels) 16-bit data words is con-
trol.” Each half also has an internal 8-bit control regis-  trolled by software through hundshake between the PEA
ter and an R-bit output (data) register, treated as mem- CAl and CA?2 lines and the OMA data ready and data
ory locations to be read from or written into by the reguest lines. The microprocessor cycte time for trans-
MPU. This gives the computer memory-mapped 110, ferring data is about 30 us for cach channel a~s deter }

Fhe PEA address tines RSO and RS1 can be wired so that
the addresses for the two 8-bit output locations alternate
with those of the control locations of are sequential to
cach other. In the latter configuration the PIA can be
tned as o 16-bit port the transmitted or received data
heing sent to or received from the PIA via one of the
MPU T6a-bit registers with o single instrucuon. The
present design uses this approach for the porr 6 PIA
thig. 2.

The OMA control and data signals are routed to the
simple interface logic at the microcomputer 1 O ports
tand 4 as shownin Figs. 2 and 3. respectively. The total
cost of the complete interface is under $20. ‘The lines
tor cach datia bit are connected in ascending order to
the data inputs of the penpheral interface adapior (P1A)
chip at computer 1O port 6 (Fig. 2) via 7407 open col-
lector drivers [Cs 2-6 and 470-Q pull-up resisters, The
duta transfer proceeds as follows (Fig. 2). PIA control
CB2 s set Jow by a software command. Thi crases
cither or both OMA memories depending on e posi-
thooof the SPST swit Bes. and clears flip Jop 177, set-
fiag its O output Sizh so that the OMA is in tt nonac-
currulation mode.

When the experiment is initiated. a trigger pi.'se from
a flashlamp light detection circuit in the main las . - cavity
apphes a logic fow to NOR gate [CB and onto t! - set in-
put of 107, This toggles its @ out low, forcing - - OMA
accumulation linets) low and aflowing accumuli: .on into
the sclected OMA memories for the preset no .nber of
accumulation cycles. Upon completion of this ac -umula-
tion. the OMA HOLDDI™ line goes high. indicating to

1655 Rev. Sci. instrum., Vol. 50, No. 12. December 1979

mined by the MPU clock frequency and the controlling
software. During the transfer. selection of the uppro-
priate OMA memory, resetuing the cursor to channel
zero. and sequentially addressing cach of the OMA
memory locations in order to transfer its stored data s
controlled by one-half of a PIA at microcomputer port 4
This circuitry is shown in Fig. 3. The 6800 muachine code
forinitiating the experiment and controlling data trunster
from the OMA memories to the computer central memoiry

is very simple and requires less than 200 bytes of

memory.”
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Picosecond studies of primary charge separation in bacterial photosynthesis

By M. W. Winpsor anp D, HoiLTEN
Department of Chemistry, Waskineton State University, Pullman, Washington 49164, 0781,

With the aid of light and two coupled photosystems containing chlorophyll, green
plants remove electrons from water, releasing Oy, and convey them to €O, reducing
1t to simple sugars and thence to carbohvdrate. Photosynthetic bacteria operate more
simply, employing a single photosystem. They reduce GO, but require substrates more
casily oxidized than water, e.g. sulphide and succinate. Bacterial reaction centres
free of the bulk chlorophyll that performs the light-harvesting function can be isolated.
The reaction centre is the site where the electronic energy of the photoexcited molecule
is converted to chemical potential. ‘Thus bacterial reaction centres are ideal subjects
for studying the details ot this process by kinetic spectroscopy. Picosecond laser studies
show that an electron is removed from the primary donor (a chlorophyll dimer) in 4 ps
or less and wansferred in several stages 1o the ubiquinone acceptor in ca. 200 ps.
Remarkably, reverse electron transfer is several orders of magnitude slower. The paper
discusses how Nature may have accomplished this.

I. INTRODUCTION
During the past 5 years, with the aid ol new spectroscopic techniques based on ultra-short laser
pulses, it has become possible to study the details of the primary charge separation process in
bacterial photosynthesis (see Holten & Windsor {1978 for a recent review). Spectroscopic and
kinetic studies with picosecond laser pulses have shown that electron transfer from the primary
donor (a ‘special pair’ of chlorophyll molecules) to the ubiquinone acceptor takes place in
about 20v ps. Even so, the transfer does not occur in a single step. Two or more stages arc
involved and the very first step is found to be exceedingly fast {less than 10 ps and perhaps as
little as 4 ps). These times are several orders of magnitude shorter than had previously been
assumed. Stll more remarkable is the observation that the reverse electron transfer is three or
more orders of magnitude slower, leading 1o a quantum efficiency very close to 1009, for the
primary charge separation. It is an intriguing challenge to scck to understand how Nature has
accomplished this. Comparison of the new picosccond data on reaction centres of photosynthetic
bacteria with the results of similar studies of electron transler in model systems involving
molecular solutions of photosynthetic pigments and various clectron acceptors in ritro has been
helpful in this regard. The purpose of this paper is to review the experimental data and discuss
possible theoretical models. Some backgronnd on the primary events of photosynthesis will be
given, with a brief account of the experimental techniques developed in our laboratory for

picosecond spectroscopic studics.

2. PICOSECOND FLASIL PHOTOLYSIS AND SPECTROSCOPY
This is a direct extension to the picosccond region of the well known microsecond technique
of flash photolysis with rare-gas filled flashlamps {Norrish & Porter 1949; Porter 1950). A mode-
locked laser provides the picosecond excitation pulse. The speciroscopie flash for monitoring
[ 125 |
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336 M. W, WINDSOR AND D. HOLTEN

purposes is a picosecond continurm pulse obtatned by tocusing a portion ol the laser pulse into
a variety of optical medias A variable time delay - from o few picoseconds to several nano-

seconds) between the two pulses is obtained by changing the difference in optical path fength

between the two beams. The apparatus developed by Magde & Windsor “1974: 1s shown in
figure 1. A mode-locked Nd:glass Laser, withe single pubse selection s.ps., and one stage of
amplification, produces a 3 8 ps duration pulse of 15 20 m] energy at 1060 nm. Single pulse
selection is accomplished by osing an optically wiggered spank gap and Pockels cell, Passage
ol the 1060 nm pulse through a suitably onentated crystal of potissium deuterium phosphate

gives second harmonic generation s hes at 330 nm with a conversion ethcienoy of abont 15

1060 nm 1060 and
‘ '/:'v.'W nm
Nd Laser cavity < p.H_;u mp. g T
d.n,
— 4
530nm U S.pom.

and white

white S \V . <~
7 1 \\ e I - A AN |80 nm

-

x a.mLa.

monochromator

L7 dom

input
pulses

(P 530 nm;)
(S white)

Frorre 1. Diagram of apparatus for picosecond Hash photalssis and spectroscope.

The 330 and 1060 nm pulses are separated by a dichroic mivror that selectively reflects the
5330 nm radiation while transmitting the 1a60 nm pulse, After passage through an optical delay
line {0.d.1.} consisting of a rooftop prism mounted on an optical rail, the 330 nm pulse (P for
photolytic) impinges on the sample, usually a cuvette T or 2 mm thick. Any 530 nm light
transmitted by the sample is intereepted by an optical stop. As a further precaution against
scattered P light entering the spectrograph, it is arranged that the P heam makes ashght angle
(10°) with the monitoring (S for spectroscopic! beam as in figure 1

The key to the technique of picosecond flash photolysis is the picosecond continuum pulse,
This is obtained by focusing the residual 1060 nm radiation into a cell 10 cm long containing
carbon tetrachloride, CCly. Self-focusing and Hlamentation occur and a small fraction ‘ca.
0.1°,1 of the incident beam is converted into a broad continuum. The continuum retains both
the short pulse duration and much of the spatial collimation of the pumping pulse. Thus, o all
intents and purposes, we have a white-light laser. Another dichroic heam splitter separates the
essentially undiminished 1060 nm pulse from the continuum. The 1060 nm pulse can be used
tor sample excitation or can be blocked, as in figure 1. The continvum (8) passes through a

variable optical delay line and arrives at the sample at a predetermined time relative to the P
[ 126 ]




BACTERIAL PHOTOSYNTHESIS 337

pulse. By adjusting the two o.duls the time interval between S and P can be varied between zero
and about Y ns. Negative delays -ies S arrives hefore P)oare also readily obtainable. These are
uselub i providing a record of the sample Lelore excitation for control purposes and correspond
to “tinite delay” shots inconventional flish photolysis.,

Optical density changes induced in the sample by the P pulse are measured in the lollowing
way. The inset at bottom centre of figuie 1shows the crossssectional geometry of the two beams
at the sample. The details of the geometry 1nthis region are very important. The key point is
that the probe beanyis elongated along its vertcal axis by means of a cylindrical lens so that it
samples simultancously the excited volume in the ceutre and unexcited reference volumes both
above and below the excited region. The cross section of the excited volume can he adjusted
in the range 1 mm to about 3 mm by means of i lens, The catire area is then imaged at about
123 diminution on to the slit ol aspectrograpland, ultimately, on to either photographic film or
a vidicon detector coupled w an optical muluchannel analyser (o.m.a.). The absorption
spectrum of a transient intermediate then appears sandwichod between two relerence spectra
of the unexcited sample, as in figure 2o, By having a reference spectrum both above and below
a purported transient spectrum, we gready reduce the risk of misinterpreting random fluctua-
tions i the intensity of the continuum as genuine transient effects. For comparison we provide
in figure 24 the photographic record of the decay of wiplet 1,2-benzanthracene in solution
Porter & Windsor 1958, taken by conventonal thash photolysis in the microsccond-millisecond
region. Taken together, these two figures show how in two decades, aided by the laser, the time
resolution of flash photolysis has been extended by six decades from 10 8 (o 10712y,

The photographic method 1y almost essental tor exploratory survey work on a previously
uncharacterized system. It provides wide spectral coverage in asingle shot, and the time history
of whatever transient changes are present can be seen at a glance on a single film or plate by
taking a short sequence of shots at different tme delays. This is demonstrated in figure 2a,
which shows picosecond tlash photolysis results for octacthylporphinatotin IV dichloride

OLP SuCl,  Muagde et al. 19745 . The value of the wide spectral coverage provided by the

photographic record is partcularly evident here. The photograph clearly shows two regions of

excited state absorption, a short-hved vanstent with a main absorption peak at ca. 450 nm and
absorption extending to longer wavelengths, wnd a much longer-lived absorption in the blue
with a peak at about 430 nm. Additional studies with the vidicon enable these two transient
absorptions to be spectrally characterized and atuibuted respectively to the excited singlet S;
state and the triplet T state of the porphyrin. Broad-band picosecond spectra such as these are
very helptul in choosing suitable wavelengths for subsequent quantitative kinetic measure-
ments.

Although the photographic method is of great value for survey work, it is not the most
convenient method for determining precise kinetic data. Therefore, once the photographic
spectra reveal the best wavelengths to monitor, we replace the camera with a slit and use photo-
¢'ectric detection, normally a Princeton Applied Rescarch (PAR) 1205B vidicon tube coupled
to a 3uo-channel optical multichannel analvzer (o.m.act. We then monitor only a single narrow
hand of wavelengths, using the {o.m.a to obtain an intensity profile along the length of the
slit. This is exactly equivalent to a densitometer trace taken vertically across the photographic
spectrogram. The natural logarithm of the ratio of the measured intensity in the reference
regions ‘averaged over the portions above and helow) to that in the central excited region gives
the absorbance change ( Ad) due to the transient absorption (or bleaching). Usually four or five
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shots are taken at a given wavelenor's a0 0 hian anaverage value and the
standard deviation. Repeated e i e o0 Dneth and different time delays
provide a plot from which the decao ket oo denn eed . By keeping the time delay
constant and changing the wavdlengih e oo o onn it acgiven time delay can be

obtained. In most cases, becanse o specrral cvetap o s eronnd state and excited state

S only
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FicUvre 2. (a) Picosecond flash photolysis of tn dichlorooctiethyl porphvin, showing decay of excited singlet
absorption (short-lived) and triplet absorption dongzer-lived Conventional flash photolysis of 1,2-
benzanthracene in viscous paraffin solution showing decas of 1o heorption, Time seale in microseconds.
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absorption regions and because, at the laser powers used, significant depletion of the ground
state 1y common, the spectrum obtained must be considered o *difference spectrum” that
represents the sum of the changes caused by ground state depletion and production of the
excited state, This is especially troe of photosvnthietic systems in which spectral overlap of the
various constituents pigments and associated maolecules s common. By detailed studies at s
usttally possible to find wavelengths at which kinetie studies of one species can be made without
iterference by optical changes due o another species (see Rockley e al. 1975).

Very recently, we have interfaced our preosecond flash phaotolysis apparatus to a dedicated
microprocessor (Holten et al. vg7qga; Holten & Windsor 1g80). This makes 1t possible to obtain
picosecond transientspectra over aspectral rangeof 3oonmwithasingle Jasershot. Italso provides
the advantage of computer processing of the experimental data. All of the experimental results

deseribed i this paper. however were obtaaned by the more laborious point-hy-point technique.

3. BACKGROUND ON PHOTOSYNTHESIST

In green plants, sunlight is absorbed by an antenna or light-harvesting system comprising
many hundreds of chlorophyll molecules complexed to protein and situated in a hipid bilayer
membrane, The excitation energy of electronically excited chlorophyll is rapidly conveyed by
non-radiative mechanisms in times that range from 10 ps to about 1 ns, dependent upon
species, o aspectal chlorophyll complex that acts as a trap. This is situated in a reaction centre

RC complexed to other pigments and protein and to an clectron acceptor, normally a
quinone. Withie the RO, charge separation tukes place, the special chlorophyll complex being
oxidized o a cation while the acceptor receives an electron and is converted o an anion. In
this nianner the encrgy ol solar photons, wansferred from the antenna to the RC as electronic
molecu’ar excitation, s captured within the RC a5 chemical potential. In green plants two
coupled photosystems, called PSTand PS2. cooperate to produce a strong oxidant capable, via
an s vet poorly understond series of reactions, of oxidizing water to molecular oxygen and a
strong reductant capable of reducing CO, to simple sugars and eventually carbohydrate.
Described in another wav, we can say that photoaynthesis removes electrons from Hy0, thus
releasing O,, pumps them uphill in redox potential with the aid of two boosts from solar photons
and finally places them on GO, thus allowing it pick up hvdrogen ions and be converted to a
stmple sugar. On a scale of redox potential this s lustrated in figure 3a.

Photosynthetic bacteria, Pke green plants, also contain an antenna system that harvests
incident photons and transfers the excitation o an RCL but, unlike plants, bacteria employ
only 4 single photosystem which more closely resembles PS1in plants (figure 34). The primary
oxidant has a potential of about +0.45 V. This is insufficient to oxidize water, and bacteria
require more casily oxidizable substrates, e.g. sulphide, succinate or thiosulphate. The primary
reductant, as in plants, is coupled to the synthesis of ATP and the reduction of CO,. A further
advantage of photosynthetic bacteria is that, by suitable detergent treatments, RC preparations
free of antenna pigments can be obtained - Clayton 1953). "he presence of a single photosystem

and the availability of isolated reaction centres have made bacterial RCs the preferred choice of

most investizators for detailed studies of the process of primary charge separation. The majority
of studies have been made on RCs of two species, Rhodospeudomonas sphaeroides and Rhodospeudo-
monas viridis, although other species such as R rubrum, C. vinosum and C. minutissimum have been

+ See Holten & Windsor (1978 for a more detailed account.
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used on occasion. Reacton centres ol R, sphaervi /o contain tour molecules of bacteriochloro-

phyll (BChl), two of the magnestum-delicient analogue, bacteriophacophytin - BPh), one

ubiquinone (UQ), one non-haem iron atom and three ddlerent proteinsan a 1:1:1 ratio and of
q

relative molecular masses 20000, 22000 and 2%000 - Clavton 1973 . These components are
packaged in a lipid bilayer membrane with the primary UQ) situated at or near the membrane
surtace with ready access to the agueous medivm. An “artist's conception” ol a possible arrange-
mentis shown in figure 4. Reaction centres of B.orirides contain aosimilar complement of pigments
and proteins, but the chlorophyll absorption bands wre shifted w longer wavelength., The nuajor
band s at 960 nm in R. verddis compared with 870 nm in R, sphacroides. RCs of R, viridiy also
retain bound cytochrome €, whercas R sphaervides RCs lose their eytochromes during the
preparation procedure. ‘This is an advantage for certain picosecond experiments, as will be seen
later.
carbohvdrate
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Fiouvre 3. (a) Zescheme for green plant photosynthesis: th similar scheme for bacterial photosvnthesis.

4. PICOSECOND STUDIES OF ELECTRON TRANSFER IN BACTERIAL
REACTION CENTRES
4.1, Rhodopseudomonas sphaerotdes
In RCs of R. sshaeroides, the longest wavelength absorption peak lies at 870 nm. In recognition
of this the unexcited state of the RC s often characterized as P, or, more simply, P. The

absorption spectrum also displays bands near 540 and 760 nm attributable 1o BPh and hands
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near oo and So0nm attributable w BCHL The 870 nm band is strongly bleached upon
tlumination and a weaker absorption band characteristic of P oappears in the region of
1250 nnm This 1230 nm band can abso be produced by oxidizing the RCs cither chiemically with,
for example, potassium ferricyanid -, or electrochemically. The 600 nm band bleaches to alesser
extent than the 870 nm band and the 800 i band undergoes a slight blue shift to 798 nm.
These changes, together with Linear and circular dichroism measurements and e.s.r. studies,
lead o the beliet that two ol the four BCH molecules furm a closely coupled dimer or “special
pair’ and that it is this species that, on oxidation, loses an electron to produce the primary
oxidant P'. The other two BChI molecules give rise to a component of the 800 nm band. The |
540 nm band of BPh can be resolved at 77 K into two components at 532 and 544 nm, suggest- :
ing that the two PBh are sitwated in different environments (Clayton & Yamamoto 1976}, h
See Holten & Windsor 119581 {for a more detatled account, ’

antenna

Fiovre 4. Artist's conception of bacterial reaction eentre showing characteristic times of the carly events
in the primary charge separation.

The first attempts to observe transient intermediates in photosynthetic bacteria used RCs of !
R. sphaeroides poised at an artificially low vedox potential by the presence of excess sodium :
dithionite {Parson ¢f al. 1975). Lowering the redox potential in this manner, by reducing the
UQ clectron acceptor {often also denoted by X, would be expeeted to frustrate the transfer of
an clectron from any antecedent intermediate, thus inereasing its lifetime, Indeed, with
excitation by 20 ns laser flashes at 694 or 834 nm, the above authors observed the immediate

dess than 20 ns) formation of a spectroscopic intermediate, which they called P, with an

JEES P Y

exponential decay time of about 15 ns. The quantum vield ol formation of P¥is close to unity
both at 295 K and at 15 K. As P¥ decays, another intermediate, called PR, appears which has a

halt=time of 6 ps at 295 K and 120 ps at 15 K. At 295 K its quantum yield of formation is low
r0. 1, but this value rises to unity at 15 K. The spectram of P%suggests thatitis the triplet state 3
ol the BChl dimer, The processes deseribed above are summarized in scheme (4) of figure 5.
The other two schemes summarize the results of picosecond studies shortly to be described.
The rapid formation of P¥, and its accumulation in high yield when normal photochemistry
is blocked, suggested that it might be an intermediate in the normal electron transfer reaction, L
But, then again, it might have been an artefact of the artificially reducing conditions used to
tacilitate its detection. To resolve this situation. studies of RCs under normal physiological

conditions, i.e. with the acceptor Xoin its normal wnreduced state, were needed. Picosecond laser
[ 131 ]
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! studies provided the improved time resolution, Independent results from two laboratories
‘ (Kaufmann et al. 1975; Rockley et al. 19751 showed that in RCs of Rps. sphaeroides under these
conditions, P¥ could be spectroscopically identified. It appeared essentially immediately (less
than 10 ps) on excitation with an 8 10 ps laser pulse, and exhibited a lifetime of about 200 ps.
Kinetic studies showed that an absorbance decrease at 610 nm characteristic of P' appeared
with the same time constant as the disappearance of PF. These results demonstrated that P¥ was
not an artefact of the conditions used in the earlier nanosccond experiments, but was indeed a
direct intermediate in the electron transter reaction that culminates in the oxidation of Py
and the reduction of the acceptor X. They also showed that both steps in the two-stage transfer
of the electron were exceedingly and perhaps unexpectedly rapid.

(@) () fey
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F1GURE 5. Scheme of carly events in bacterial photosynthesis.

Attention now centred on the structural identity of the intermediate P¥. Rockley et al. (1975)
compared their experimental spectrum with the sum of the absorbance changes that accompany
the conversion of fre¢ BChl cither to its cation radical, BChl* " or its anion radical BChl™". The
calculated spectrum showed a fair measure of agreement, predicting the observed bleaching of
bands near 380 and 60¢ nm and the appearance of new bands near 420, 500 and 650 nm, but
did not predict the observed bleaching of the BPh bands. Such a procedure could be expected to
! give at best a rough approximation because it neglects interaction cffects between the two
molecules that form the biradical and also takes no account of the significant shift of the longest
wavelength band of BChl from 770 nm in molecular solution to 870 nm in the RC. Nevertheless
a surprising measure of agreement could be seen, as is shown in figure 6a and 4. Subsequently
Fajer et al. (1975) were able to obtain cven better agreement by using a simulated spectrum
1 composed of the sum of the absorbance changes that accompany chemical oxidation of RC
( APgy) and the reduction of BPh to BPh™", which latter species had just been produced electro-
chemically and spectroscopically characterized in his laboratory. The comparison is shown in
figure 6¢. Further picosecond studies by Dutton efal. (1975) showed that the 1250 nm absorption
band appeared promptly (less than 10 ps) upon excitation, rather than with the 200 ps risetime
that would be characteristic of its formation from P¥. This led to the conclusion that the inter-
mediate P¥ must alrcady contain the dimer cation radical P as part of its structure, and lent
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further support to the assignment of Fajer e a/. Thus it is now believed that PF has the structure
(BChl)," - BPh~"X and that the electron that takes up temporary residence on the BPh subse-
quently moves to X in a time of about 200 ps. 'These events are summarized in scheme (a) of
figure 5.
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FIGuRE 8. {a) Absorbance changes accompanying the photochcmical formation of state P?. (b) Sum of absorbance
changes for BChi* and BChl™ made electrochemicaily. (¢) Comparison of laser-induced optical changes,
AP¥, with sum of changes for APy, plus ABPh-.

Although much insight has been gained, the picture is still incomplete. Why has Nature
placed a second BPh and two additional BChl molecules (the so-called Pgy chlorophylis) in the
RC? The low-temperature studies of BPh mentioned earlier suggest that only the longer-
wavelength BPh is involved in the formation of P¥. Studies of C. vinosum (Tiede et al. 19764),
R. viridis (Tiede et al. 19700) and C. minutissimum (Shuvalov & Klimov 1976) also support this
conclusion. Perhaps the other two BChl molecules serve to ‘solvate’ one of the BPh molecules,
as we have hinted in figure 4, thus facilitating the passage of an electron from (BChl),, or
perhaps they help delocalize the transferred electron, thus hindering the back transfer. The
first two of the above three studies cited also found partial bleaching at 800 and 595 nm,
suggesting involvement of the Py chlorophylls. It has also been suggested (Fajer et al. 1975)
that the additional pigment molecules may have a role in coupling a part of the apparent energy
losses that accompany the transfer of the electron to structural changes in the membrane that
could, via Mitchell’s chemiosmotic theory, be usefully harnessed to ATP production.

The ideniification of the acceptor X as ubiquinone (UQ) is supported by experiments by
Kaufmann ef al. (1976) showing that RCs depleted of UQ behave as though no acceptor is
present. The state PF lives for a time in excess of 1 ns. Addition of UQ restores the normal
200 ps kinetics.
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4.2, Rhodopseudomor s viridis

Since the RC of R. virnidis retains bound cytochromes, it offered the intriguing prospect of
artificially prolonging the lifetime of the excited singlet state of the special pair P* that pre-
sumably must precede the first step in the charge separation. The rationale was to place RCs of
R. viridis not only at low redox potental o keep X reduced but also under conditions of
continual illumination to saturate electron transfer and maintain I (@ complex involving BPh)
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Ficure 7. Difference spectrum accompanying formation of the excited singlet state, P#, of RCs of R. riridis.

also in the reduced state. The cytochromes would rereduce P to P, leaving the system in the
initial state, (BChl-BChl)-BPh™" X 7", or more simply PI-X -, before picosecond excitation. Upon
excitation, the reduced stateof both I and X might be expected to frustrate electron transfer [rom
P*, thus holding the system in the state P*I-X- for longer than usual. This scheme seems to
have worked and we have observed, under these conditions, a spectroscopic intermediate that
lives for about 20 ps (Holten etal. 19784a) (sce figure 5¢). At moderate redox potentials (figure
5a), corresponding to physiological conditions, the events observed closely parallel those found
in R. sphaeroides. The P¥ state is formed promptly and transfers an clectron to X in about 230 ps.
Netzel et al. (1977) found a prompt (less than 10 ps) rise of the 1310 nm band characteristic of P
in this species, in good agreement with our results. We also observe an additional step with
35 ps kinetics at 800-810 nm. At low redox potential (X reduced as in figure 56), P¥ lives for
about 15 ns and decays, in part, to a longer-lived triplet state.

The difference spectrum corresponding to the conversion of P to P* under the ‘super-reduced’
conditions described above is shown in figure 7. The dominant feature is the bleaching of the
960 nm absorption band. Bleaching is present at 830 nm but drops to zero at 830 nm. The
former band is characteristic of the special pair and the latter of the addiuonal bacteriochloro-
phylls. These two bands are resolved in R. viridis but overlap in the 800 nm region in R.
sphaeroides. These results support the conclusion that the primary donor in the RC is most
likely the excited singlet state P* of a special pair of closely interacting BChl 4 molecules. How-
ever, interactions with the other two BChl 4 molecules are not excluded. E.s.r. and Expor
studies (Fajer ef al. 1977) suggest that the unpaired electron in P’ is not shared equally by two
identical molecules of BChl, as appears to be the case in R. sphaeroides. The spectral evidence
also indicates that the intermediate acceptor Iin R. viridis involves both BChl 4 and BPh 4 and

that it is the BPh & component that is reduced when clectron tansler from P* takes place
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4.3, Additional studies on RCs

We have attempted recently to clucidate further the carly stages of the charge separation
process with the aid of mode-locked continuous wave (c.w.) dye laser equipment capable of
subpicosecond time resolution and with provision lor monitoring over a wide range of wave-
length with the use of a subpicosecond continuum (Holten et al. 19804). These new results
indicate that after excitation of RCs of R. sphaervides at 610 nm (a wavelength absorbed pre-
dominantly by the primary donor (BChl1,) an absorbance increase occurs at 672 nm (character-
istic of PY) with a risetime of 4 ps or less. Thus the electron must move from the excited state of
the special pair P* o BPh within 4 ps. This value of the transfer time is consistent with the less
than 10 ps result obtained in the single-pulse laser experiments. An opposing view is, however,
presented by recent experiments of Shuvalov ef «f. {1978) on RCs of R. rubrum. Using a 25 ps
pulse at 880 nmtor excitation, they reported that bleaching occurs at 800 nm within 15 ps of
excitation, whereas no prompt bleaching of the BPh bands is observed. The 800 nm bleaching
recovers with g ifetime of 35 £ 5 ps and is accompanied by the formation of BPh _ as shown by
bleaching at 748 nm. The state P"BPh~ subsequently decays in 250 + 50 ps. From these results
the authors conclude that the electron *appears to be extracted from P by BChl-800 which
gives a radical anion, BChi-804-". Transler of the clectron to BPh then occurs in a time of
about 33 ps’. Our own studies, while not ruling out the participation of BChl-800 as an inter-
mediary clectron carrier, indicate that any such involvement must take place on a time scale
not greater than 4ps, since transfer to BPh to form the radical pair P*BPh~ is essentially
complete within this tme, Further studies with the shorter (0.7ps) pulses provided by the_
modec-locked dye laser and at additional excitation wavelengths, including 800nm, would be
helpful. It is also desirable that a comprehensive series of measurements be made on a single
species of bacterium. Because of the flexibility of making measurements under normal, reduced
and super-reduced conditions of the UQ acceptor, R. eiridis is probably the best choice for
such studies.

4.4, Summary of results on RC's

The finding of similar transient intermediates with similar kinetics in several species of
hacteria suggests strongly that the composition and structure of the bacterial reaction centre
have evolved to maximize the efficiency of the primary charge separation process. Those species
that have been subjected to detailed study seem to parallel each other closely with regard to the
composition of their RCs. We propose to assume that the component pigments and proteins in
the various RCUs cach have a functional role to play in the process of charge separation. In
defence of this we argue thatatis unlikely that *unnecessary baggage’ would have survived more
than a thousand million years of natural selection. Given this assumption, we believe that
further insight into how the RC functions and how its functioning is related to its internal
structure requires studies of electron transfer in a variety of model systems that seck either to
mimic or omit various leatures present in the RC.

5. PICOSECOND STUDIES OF ELLECTRON TRANSFER IN MODEIL SYSTEMS

We have shown (Holten et al. 1976) that clectron transfer from bacteriophacophytin (BPh)
to p-benzoquinone (Q) in molecular solution takes place predominantly via the triplet state of
the donor. Figure 8 shows that in the presence of excess methyl iodide, which enhanees inter-
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system crossing i.s.c. in BPh by the heavy atom effect, the yield of the donor cation radical
BPh* isgreatly increased. Estimatesof the hall-cell potentials BPh* - /BPh* and BPh* ' /BPh”, the
energy of the various collision complexes and the energy of the separated ions BPh* - and Q-
can be made {(Gouterman & Holten 1977) and used to explain this observation (figure 9). In
brief, we believe that both singlet and triplet charge transfer complexes (BPh"'Q"")® and
(BPh' Q)" are tormed from their respective collision complexes in less than 5 ps, but that the
singlet complex sufters reverse charge transfer (BPh' Q) —(BPh Q ) in a time much shorter
than that needed (ca. 230 ps) for the ion radicals to separate. The analogous process for the
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Ficure 8. Enhancement of the yicld of the cation radical BPh*' by excess methyl iodide in the charge transfer 1
quenching of BPh* by p-benzoquinone. 0, With 8 M Mel; @, without Mel.
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FiGure 9. Proposed model for the bacteriophacophytin (BPh), 40 muM p-benzoquinone (Q) and 8 M methyl
iodide system, showing excited states and kinetic process. Here, £, and 4, are the rate constants for diffusion
and intersystem crossing. The symbols S-CT and T-CT refer to singlet and triplet charge transfer complexes,
respectively. (a) Processes slow because himolecular or spin forbidden; (6) very fast spin allowed processes;
(¢) slower spin allowed processes.
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triplet complex is spin forbidden so that, in the triplet case, ion separation competes favourably
with quenching. Similar experiments in which benzoquinone is replaced by methyl viologen
(MV2) or by m-dinitrobenzene (m-DNB) give results that support the above model. For both
these systems, formation of the radical ions is energetically possible only from the excited
singlet state BPh* and not from the triplet BPh7. For m-DNB, BPh* is quenched but BPh* " is
not detectable. For MV2' the quantum yield of BPh' " is reduced to about 109;. Were it not
for Coulombic repulsion assisting the separation of the radical ions BPh' - and MV" " in this
case, the yield would doubtless be much lower.

6. THEORETICAL IMPLICATIONS FOR CHARGE SEPARATION IN PHOTOSYNTHESIS

If efficient charge separation in the molecular systems discussed above can occur only via the
triplet state of the electron donor, how can efficient electron transfer in the photosynthetic
system proceed via the excited singlet state of the primary donor ? Furthermore, an important
difference between RCs and molecular solutions is that in the former the donor and acceptor
are constrained by their association with other pigment molecules, e.g. the Pgy BChls and with
protein. The radical ions are not free to move apart as they are in sclution. This means that
discrimination against reverse electron transfer from BPh™' to (BChl),** must be even more
effective in the RC. To account for the observed 1002, quantum vyield of the charge separation
process, it must be assumed that this back reaction is about 100 times slower than the next
forward step that transfers the electron from BPh™" 10 UQ. Since the latter takes about 200 ps,
the back clectron transfer from BPh™" in the RC must take 20 ns or longer. This reverse transfer
is close to 104 times slower than the forward step (ca. 4 ps) from (BChl), to BPh.

A possible explanation, based on our model system studies (Holten ef al. 19784, ¢) rests on the
size of the molecule that functions as the initial electron acceptor. A comparatively small
molecule, such as the benzoquinone used in our quenching studies of BPh in solution, would
undergo a significant shape change on formation of the charge transfer complex BPh*Q-.
Good Franck-Condon overlap of the vibrational wavefunctions between the singlet charge
transfer state and the ground state facilitates fast internal conversion of the approximately 1 eV
of electronic energy separating the two states into vibrational degrees of freedom (see figure 10).
Thus the charge transfer complex formed {rom the excited singlet state of the electron donor is
deactivated before separation of the charged radical ions can take place. The same situation
would apply in the photosynthetic RC were it not that Nature has contrived to place a compara-
tively large molecule, BPh, as an intermediate electron acceptor between the primary donor and
the eventual small molecule ubiquinone acceptor. X-ray crystallographic data on some
porphyrins and recent resonance Raman measurements on BChl and BPh indicate that
addition or removal of an clectron from these comparatively large molecules causes only quite
small changes in bond length and bond angles. The corresponding Franck-Condon factors are
small (figure 10}, and the back rcaction is effectively inhibited. The second forward step takes
the electron in about 200 ps from BPh to UQ. A significant shape change is expected for the
conversion of UQ to UQ-. However, although the Franck-Condon factors are favourable, the
back conversion of (BChl),' BPh UQ~ to the (BChl),BPh UQ ground state of the RC complex
would involve the movement over a considerable distance of the electron back through the BPh
to the (BChl),. Thus at this juncture physical separation of donor and acceptor supervenes to
inhibit the back transfer.
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The above model is speculative. Nevertheless icis valuable as a working hypothesis because it
immediately suggests further experiments, the outcorie of which may cither disprove or modify
the model. Of especial value would be studies of the quenching of BChl and synthetic BChl
dimers in solution by aceeptors of varying size, We plan to carry out such experiments when our
mstrumental developments make available suitable excitation wavelengths, An important step
in this direction is the recent observation by Pellin ez al. (1979 of i fast (less than 6 ps) high
quantum yield electron transfer process in a model complex formed by covalently linking two

molecules of pyrochlovophyll g with a primary aleohol derivative ol phacophytin a.

\

\

\ A / Y
AP \/\MA -2
\\\1 JA DA /

poor overlap good overlap

e

;

Fravee 10, Franck Condon diagranss for smail shape changes (poor overlap: and large shape changes
‘good overlap .

The above model does not account for the extremely high speed (ca. 4 ps) of the initial
clectron transfer step from ' BChl, to BPh. Favourable n-orbital overlap between the (BChD,
and one of the BPh, assisted by a preferred mutual orientation, perhaps induced by the proteins
to which the pigments are eomplexed, may be responsible. It can be argued that the high speed
ol this step probably evolved as a means of preventing the excitation from “hopping back’ into
the antenna svstem. Efticient wrapping of antenna excitation by the reaction centres requires
rapid transfer, but this must be hacked up by very fast initial charge separation to prevent back
transfer.

In conclusion, itappears that in the bacterial reaction centre Nature has evolved an extremely
cfticient device for converting the energy of molecular electronic excitation into chemical
potential via a multi-stage process of charge sepuaration. This process relies on a very fast initial
step and the indirect transter of an clectron to i desired aceeptor via one or more intermediate
sites. Together, these allow the cansfer of an electron from a bacteriochlorophyll dimer to a
ubiquinone acceptor without the fast back reactions that greatly reduce the efficieney in corre-

sponding in ritro systems.

The work deseribed in this paper was supported in part by N.S.F. grant no. PCM 73-23504,
by the Office of Naval Research and by the U.S. Army Research Office, Durham, under grant
no. DAA G29-76-9-0275. MUW. W is grateful to Sir George Porter for hospitality and facilities
provided during his period of sabbatical leave at the Roval Tnstitution, during which this paper

was prepared,
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A STUDY OF THE VISCOSITY-DEPENDENT ELECTRONIC RELAXATION
OF SOME TRIPHENYLMETHANE DYES USING PICOSECOND FLASH PHOTOLYSIS
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Time-resolved absorption measurements of ground-state recovery and cxcited-state absorption are reported for several
triphenylmethane dyes in solutions of different viscosity. A kinetic model is proposed to explain the results of these and

carlier measurements.

1. Introduction

The viscosity-dependent relaxation of photoexcited
triphenylmethane (TPM) dyes (fig. 1) has been studied
in several ways. Fluorescence quantum yield O measure-
ments [1—-3] and direct kinetic measurements using
picosecond spectroscopic techniques [4--8] indicate
that increased solvent viscosity results in decreased
rates of electronic relaxation. Forster and Hoffmann
(FH) [1] proposed a model of this viscosity depen-
dence which predicts the ) & n2/3 relationship found
in some measurements of Q {1,3,8]. According to this
model. the photoexcited molecule undergoes a change
in conformation to a new structure characterized by
enhanced rates of non-radiative decay. The important
conformational change is assumed to be synchronous
rotation of the phenyl rings about the bond between
the ring and central carbon atoms (see fig. 1). The rota-
tion is driven by steric repulsion between adjacent ring
orthohydrogen atoms and is hindered by viscous drag
introduced by the solvent molecules. Increased viscos-
ity slows the rate of ring rotation and lengthens the
time interval between excitation and the achievement
of those conformations that give rise to fast non-radia-
tive decay. In solvents of low viscosity, these conforma-
tions are reached more rapidly and fluorescence is
quenched by the faster radiationless paths of relaxation.
Although the FH model predicts the observed Q
o 1n2/3 relationship, the time dependence of excited-
state relaxation of exp(—at?) also predicted by this

Fig. 1. The triphenylmethane dyes crystal violet CV (R

= N(CH3),, R’ = H], ethyl violet EV [R = N(C3Hs),, R’ = H],
parafuchsin PF (R = NH,, R' = H), and the trimethyl crystal
violet derivative TCV [R = N(CH3)2, R’ = CHj3). The arrow
indicates the ring rotation specified by the Forster—Hoffmann
model.

model has not been observed.

Magde and Windsor [4] measured the recovery of
ground-state absorption of crystal violet (CV) follow-
ing picosecond excitation. The data did not distinguish
between several possible functional descriptions of the
recovery. They concluded, however, that internal con-
version is the dominant non-radiative mechanism. Ippen
et al. [6] measured ground-state recovery (GSR) of
malachite green and found it to be a single exponential
for n <1 poise. For n > 1 poise the recovery was de-
scribed as a double exponential. Yu et al. [7] moni-
tored malachite green fluorescence and found it to
decay as a single exponential. Hirsch and Mahr [8] also
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studied malachite green emission and Churactenized it
as a double-exponential decay. The hifetimes ot the
faster decavs of Hirsch and Muhr agree with the hte-
times of Yu et al.and the slower component of GSR
measured by lppen et al.

Despite the several studies referred to above, a de-
scription of the viscosity dependence has not yet been
proposed which reconctles all the kinene and quantum
vield measurements. The role ot viscosity in the pico-
second relaxation kineties of TPM dves has been of in-
terest to this laboratory for several vears [4.3]. We
present here a more detailed mvestigation ot these vis-
cosity effects.

2. Experimental

The dyes used in this study are shown in fig. 1.
Crystal violet (Baker Chemical) used in the majority
of experiments was puritied via the leuco hase. Frhyl
violet (Eastman) and paratuchsin ( Fridom Fluka) were
purified by column chromatography since smaller
amounts of these dves were needed. The trimethyl
derivative of CV was prepared and puritied according
to the fiterature {9}, All dyes were in the form of the
chloride salt. Solvents of the desited viscosity were
prepared by mixing deionized water. reagent-grade
glycerol and glucose in various proportions. The vis-
costties of all dye solutions were directly measured.
Unless otherwise specified, all measurements were made
on 6 X 10~ molar solutions at 25°C.

The picosecond flash photolysis apparatus used in
this study is described elsewhere [10]. It is based upon
a single-pulse-selected, mode-locked Nd : glass laser. A
single amplified picosecond pulse at the laser fundamen-
tal (1060 nm)1s § 10 ps in dwation and has an energy
of about 15 mJ. Frequency doubling produces a 530 nm
excitation (pump) pulse of about 2 mJ. The remaining
13 mJ of 1060 nm radiation is focused into u cell of
CCly to generate a spectrally broad (400-900 nm)
picosecond probe pulse of weak intensity. The probe
light transmitted by the sample 1s analyzed by a 3 m
Jarrell-- Ash spectrometer and detected on an optical
multichannel analyzer (Princeton Applied Researct *
The geometry of the pump and probe pulses at the
sample [10] permits measurements of the difference
in optical density (A0QD) between excited and unex-
cited regions of the sample. Each luser firing produces
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g single measurement of 30D at a specific wavelength
and delay.

The excitation and probing laser pulses were imaged
anto a small volume of the dve solution contained
within a 2 mm path length spectrometer cell. Following
each laser firing, the contents of the cell were replaced
by a fresh dye solution. The temperature of the sample
region was caretully controlled to prevent fluctuations
in viscosity due to thermal effects. This was especially
critical for the more viscous solutions. The hvgroscopic
nature of glycerol made it necessary to shield the dye
solutions from the atmosphere. The viscosity of the
glycerol solutions 15 very sensitive to water contamina-
tion.

The intensities of the pump and probe pulses vary
with each laser firing, Vuriations in probe intensity do
not atfect a measurement ot AON. Fluctuations in ex-
citation power occur. and do cause changes in A0D,
buth these are minimized by using sutticient power to
saturate the sample. The etfect of saturating the CV
sample 1s shown i tig. 2. The changes in AOD due to
variations in excitation power are small when 100% of
the power is used. Each data point of a spectrum or
kinetic curve in this study represen:s the average of
usually six separate AQD measurements. The total
length of the precision bars equals twice the standard
deviation of the AOD values used to compute the aver-
age.

Experiments in which the relative polarizations of
the excitation and probe pulses were adjusted either
to accent or to mask the ettects of molecular reorienta-
tion yielded simlar results. Thus our measurements
were apparently not affected by orientational relaxa-
tion of the entire molecule following photoexcitation.

Qbr» - N
I, “ z
-
T4 - S
a - . <
o "
<3 07-38
8}
IS N . H n - 1

L B [Ne 25

% PUMP POWER
Fig. 2. Saturation curve tor crystal violet (6 X 1075 M in gly-
cerol).
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Undoubtedly this is a result of the high solvent viscos-
ities we have used which cause overall rotational mo-
tions to be very much slower than the processes we
have studied.

3. Results

Optical density difference spectra of CV over the
range 380900 nm at time delays of +20, +80 and
+2730 ps are shown in fig. 3. To obtain data in the
380 -450 nm region the picosecond apparatus was
modified to permit generation of the probe pulse by
the 530 nm excitation pulse. The continuum produced
in this way has significantly greater intensity in the blue
region than the 1060 nm generated continuum. The
effects of dispersion in the arrival time of the probe
pulse at the sample have not been removed from these
spectra. Calculation and experience indicate that. over
the spectral region considered here, the difference in
arrival times between the red and blue probe light is, at
most, 20 ps. Such dispersion has no effect on the kinet-
ic data since these are taken within a narrowly defined
wavelength band. The delays of +20, +80, and +2730
ps were established at 595 nm, the peak of CV absorp-
tion.

Three distinct regions are evident in the +20 and +80
ps spectra: (500—630 nm) ground-state bleaching;
(380-500 nm) excited-state absorption (ESA), and
(630--860 nm) stimulated emission. The presence of
stimulated emission is indicated by apparent bleaching
in a region of no ground-state absorption. In the 630

e .
.*{4‘1‘.1‘#%{5’
. 7 ‘
. -‘ff“r‘ul .
e N
] L2 .
@) 4 o .
<1 Iy '
3 [s] f
04 J
M T §
3
L Y S O S S S G Los o J
47y L hOC [4810] 8M0 300

WAVELENGTH (nm)

Fig. 3. Picosecond difference spectra of crystal violet in gly-
cerol: (=) + 20 ps; () + 80 ps; (+) + 2730 ps.
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860 nm region the weak probe pulse is amplified in

the excited region of the sample. Experiments in which
stimulated emission was suppressed by filters in the
probe beam before the sample, indicate that it has no
effect upon the kinetics monitored at other wavelengths.
This can be attributed to the weak intensity of the
probe pulse.

In the event that a single type of excited molecule
is produced by excitation, the spectra of fig. 3 can be
used to find its spectrum, €'(\). at ane of the delay
times. The AOD produced in a sample of thickness ! is

AOD(t. M) = [e'(7\)~eg()\)]C'(!)l. (1)

Here C'(¢). €'(\) and €g(N) are the concentration of

the excited molecules, and the extinction coefficients
of the excited- and ground-state molecules. If a wave-
length X exists for which €, > €' thenat X,

AOD(r, X)) = ~eg(X)C'(t)1, (2)

which permits calculation of C'(¢). This value of

C'(r) can then be used in eq. (1) to find €'(X) since

eg( ) is known. We have applied this procedure at X
=595 nm to the difference spectra to obtain €'(}) at
+20 ps and +80 ps. Comparison of the excited-state
spectra in fig. 4 indicates that over a time interval of

60 ps an increase of about 15% occurs in the blue ab-
sorption. Detailed measurements show that the excited-
state extinction coefficient does increase with time in the
region of 430 nm. This could be interpreted either as
the formation of a small amount of triplet [4] or as an
actual change in the value of €'(X) with time. In the

ek
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Fig. 4. Spectra of the excited state of crystal violei obtained
by applying eqs. (1) and (2) to the difference spectra of fig.
3: (1) + 20 ps; (~) + 80 ps.
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most viscous solutions {5 7> 180 powse ), a small pereen-

tage of the excited dye molecules is converted to a long-

lived species. possibly the triplet. This is shown by the

residual A0OD at 393 nm at a delay of 4.8 ns, which cor-

responds to about 1077 of the initially excited popula-
tion. In the least viscous solution (7 = 0.806 poise) there
is no evidence at any wavelength ot the presence of the
longlived species at 4.8 ns. The complete (within our
experimental precision) decay of the absorption at 430
nm by 2.7 ns in glveerol (fig. 3) tavors the interpreta-
tion that ¢'(X) increases with time.

The S 10 ps pulses of our kaser limit Kinetic studies
1o solvents with viscosities in excess ot 0.7 poise (i.e.,
relaxation times 230 ps). The viscosity dependence of
ground-state repopulation (GSR) of CV was monitored
at 564, 588 and 610 nm. The results of some meusure-
ments ut So4 nm are presented m tig. 5. No significant
differences were observed between GSR rates moni-
tored at the three wavelengths. This is corroborated by
the difference spectra of fig. 3 which show that the de-
cay of bleaching proceeds uniformly over the 500
330 nm region. Ground-state recovery of CVin cvelo-
hexanol (0.86 poise at 16°C) and of CV in a glycerol
water solution of the same viscosity was similar. This
supports the idea that viscosity, rather than another
solvent property. is the controlling tactor in the relaxa-
tion process. The ugreement between the experiments
of FH [ 1] and Brey et al. [3] in which viscosity was

Fig. S Recovery of ground-state absorption in crystal violet.
Solventsare. (), 407 glucose, 6077 plyceral (= 180 poise),
£,2077 glucose/BOT alycerol (7 - 40 porseds ¢ ), glyeerol

(n = B poise). (8), 86.57 glycerol 1357 Hy0 (n = (LR poise).
tn both tigs. S 1nd 6 the residual optical denaty difference at
4.8 ns. AODEC-), has been subtracted from measured A0D vat-
ues to ohtan the daty shown here. The precisson ot the points
without precision bars is less than or equal to the size of the

point
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Fig. 6. Recovery of ground-state absorption in ethyl violet
(). crystal violet ¢ ). and paratuchsin ().

varied by changing solvent composition and by the up-
plication of high pressures, respectively, also supports
this idea.

The time dependence of crvstal violet ESA was mo-
nitored at 430 nm. The decav curves were simular to
those for GSR in solutions of corresponding viscosity.
The time dependence of prohe pulse amplification due
to stimulated emission was observed at several wave-
lengths in the 030 860 nm region. If the reverse ab-
sorptive transition does not occur. this method can be
used to monitor the excited-state population. These
measurements gave reluxation rates similar to those ob-
tained in the GSR studies.

The recovery of ground-state ahsorption following
photoexcitation was also monitored in glycerol solu-
tions of ethyl violet. paratuchsin. and the trimethyl
crystal violet derivative. The results are in fig. 6. The
GSR curves for crystal violet and the trimethyl com-
pound were identical.

4. Discussion

The decay curves in tig. 6 support the idea that elec-
tronic relaxation of TPM dves is affected by a confor-
mation change hindered by viscous drag. The rates of
relaxation decrease 1s the same order as the size of the
phenyl ring para-substituent increases. i.e., PF. CV, EV.
This suggests 4 direct connection between viscosity and
rates of relaxation. However, the similarity of the GSR
curves for TCV and CV appears to refute this suggestion.
To investigate this we examined the structure of cach
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dye with space filling moleculur models. The models
indicate that the orthomethyls of TCV would not pene-
trate the surrounding solvent environment to the de-
gree characteristic of the para-substituents. Hence the
viscous drag introduced by the orthomethyls would
not be as great as that due to large paru-groups. It fol-
lows that their effect upon relaxation would not be as
great as that due to large para-groups. It follows that
their effect upon relaxation would not be as significant.
The GSR curves of figs. 5 and 6 indicate a complex
relaxation mechanism. Ippen et al. [6] as well as Hirsch
and Mahr {8] titred similar curves to a double-exponen-
ual function. We have noticed. however, that a sum of
many decaving exponentials

£= 22Nk expt k1) (3)
H

can fit our GSR and ESA curves. Funcrion £ describes
the decav oty collection ot excited molecules grouped
aceording to the decay rate &, The coetficient V(0. &)
15 4 constant and represents the number of molecules
assoctated with rate &, at time zero. I the N0k yare
equal und the distribution of decay rates between a
minmum (k) and @ maximum (A, value is unitorm
eq. (3) can be integrated to give

o lexpl-kry expt—kyn)] ¢ (4

Although this expression represents & sum of many
equally weighted decaving exponentials it is possible.
using physically reasonable valies of A und &5, 1o du-
phicate & double-exponential funcuor quite well.

A contormational analvsis of TPM dves [11] indicates
they tiay represent a system described appropriately by
eq. (3). The analysis shows (1) the ground-tate poten-
nial surtuce 1s shallow with respect to asvnchronous
variation i1 the phenyl ring angles. and (2) the energy
gap between the states S, and S narrows with ring
angle. Point (1) would permit a wide Jistribution of
ground-state conformations. Point (2) would allow the
decay rate &, to vary with conformation. since rates of
nternal conversion are stro: “pendent upon the
S =Sy energy gap. The qu.. vield. kinetic, and
conformational duia suggest the following model of the
Yseosity dependence:

Photoexcitation leads to a replication ot the ground-
state conformation distribution in the excited state S,
I high viscosiiy solvents the contormarions are tixed
and the decas of the excited-state population 1s described

CHEMICAL #0YSICS LETTERS
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by eq. (3). Both fast (radiationless) and slow (lumines-
cent) relaxation processes are important. As viscosity 1s
reduced the possibility of a conformational change in
the excited molecules prior to relaxation 1s increased.
Excited molecules with decay rates near ky have a finite
probability of 1cquiring a new conformation character-
istic of the faster rates near k5. This probability 1s re-
lated to the solvent viscusity. The observed increase in
the excited-state extinction coetficient at 430 mm 15
consistent with a change in the molecalar conforma-
tion of the excited state. Reduced viscosity then leads
1o a channeling of excited molecules into the fuster non-
radiative pathways of decav. Conscequently the slower
radiative processes are quenched.

The accumulated kinetic daty can be understood n
terms of this model. As viscosity s decreased only the
tastest-decaving exponentials ot eq. (3} remuin unpor-
tant and in very luid solutions eq. (3) may reduce to
only a few exponential terms. This wonld explain the
observation of Tppen et al. [6] that the descniption of
GSR changes from a double exponential decay (or. as

we suggest. a maltiphasic decay ) to g single exponential
as viscosity is reduced. Luminescence ts described by
the slower (radiative) components ot eg. (3 ). This ex
plains why the faster component of lununescence noted
by Hirsch and Mahr [R] agrees with the slower compo-
nent of GSR measured by Ippen et al. On the other
hand. the fast component of GSR 1s largely the result
of radiationless decay of those molecules 2xcrted imtial-
v with large k; values.

The above discussion shows that. on e ser-quant-
tative level. our model can descnibe the main teatures
of electronie relaxation in triphenytmethane dves. To
test the model turther. we huave examined in some de-
tail the effects of changing the angle between the phe-
nyvl rings and the molecular plane. In 1his study L based
upon a conformational analysis that includes molecular
orbital calculations as a function of ring angle. we used
numerical methods to solve o moditied Fokker  Planck
differential equation. With this mode! we huve been able
to generate curves that show the same viscosity depen-
dence as the experimental kinetic datu. There is reason
to believe that the model may also be able to account
for the 0 « 72" relationship. A detailed account of thi
work is in preparation and will be presented elsewhere.
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Electron Transfer from Photoexcited Bacteriopheophytin to
p-Benzoquinone in Cationic Micelles

p. Moltenl, S. Sadiq Shah, and M.W. Windsor

Oepartment of Chemistry, Washington State University,
Pullman, WA 99164, USA

Introduction

The primary energy storage reactions in photosynthesis are light-driven
charge separation processes that take place within special pigment-protein
complexes called reaction centers. In reaction centers isolatec from
photosynthetic bacteria, it appears that electron transfer occurs from the
lowest excited singlet state (P*) of a bacteriochlorophyll cimer to a Gui-
none by way of a molecule of bacteriopheophytin (BPh). Although the 1ni-
tial electron transfer from P* to 8Ph accurs within 4 ps of excitation Dy a
shart pulse of light (1), the reverse electron transfer step that returns
the molecules to the ground state is more than 1000 times slower (2). This
gives ample time for the electron to move from BPh~ to the guinone, wrich
takes about 200 ps (3,4). Both of tne forward electron transfer steps nave
quamtum yields of 1007, even at cryogenic temperatures (2,5). Thus, within
the bacterial reaction center light 1s converted to useful chemical poten-
tial via a highly efficient multistep charge separation process, nitiated
by am excited singlet state electron danor, in a time appreciably less than
2 namosecond.

In homogeneous solution the situation 1s quite different., Although both
the excited singlet and triplet states of BPh and chlorophyll (Cnl) are
effectively quenched by p-benzoquinone (BQ) and other electron accestors n
polar organic solvents, radical ions are detected only from the excited
triplet state reaction {7-11]. The reasor adduced is that reverse electron
transfer within the intermedrate triplet radical pairs to give the ground
singlet state is spin-forbidden, giving the ions more time to diffuse apart
[¥2]. It is not at present understood why the singlet pathway is so efrec-
tive in the reaction center, whereas only the t-iplet route operates erfec-
tively in homogeneous solution, althougn several reasons for this giffer-
ence in behavior have been considered. These include the effect of
Franck-Condon factors on reverse electron transfer rates and the possibil-
ity that different orbitals may be involved in the forward and reverse
electron transfer steps [12-14]. The possible importance of the micro-
scopic environment in assisting charge separation ang hindering reverse
electron transfer in reaction centers has not explicitly been conciderea in
these discussions. To explore its role, we have studied reactions of
photoexcited BPh in aqueous micellar solutions with picoseconc and slower
spectroscopic techniques.

1 present address: Department of Chemistry, Washington University,
St. Louis, MO 63130, USA
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Surfactant (aetergent) wmolecules possess a polar headgroup and @
nonpolar hydrocarzon tail. These self-aggregate in agueous solution to
form colloidal ccrpiexes of hign molecular weight, called micelles (15].
These are roughlfy spherical structures with a nonpolar inner core compris-
ing the hydrocarticn tails and a charged surface region made up of the head-
groups, called tre Stern layer, surrounded by the counterions and the bulk
aqueous phase. Tne micellar surface is positively charged (cationic) 1in
the cetyltrimethylammonium bromide (CTAB) micelles. The hydrophobic 1inter-
actions responsioie for micellar stability are similar to those which
stabilize biological memdbranes and globular proteins [15]. Micelles pro-
vide a means for imposing Structure oa the microscopic environment and for
controlling the @istance between the reactants.

Qur purpose in undertaking the studies presented here was to find out if
micelles could effect the rate of electron transfer between the reactants,
the rate of reverse electron transfer within the radical pair state, anc
the recombination rate of separated ions. Previous studies in micelles of
electron transfer from photosynthetic pigments and other porphyrins o
various electron acceptors have had some success in this regard {15-18].
We chose to study SPh + BQ because the excited state photophysics and elec-
tron transfer behavior of BPh with this electron acceptor 1n homogeneous
solution are well characterized {8,12-14]. By comparing results obtainec
in micelles, nocmageneous solutions, and reaction centers, we hope tc explore
the effect of the environment on charge separation in a systematic way.

Experimental

The picosecond apparatus has been described previously [19]. For the
present study, 8 £s 530 nm flashes were used to excite sample solutions of
40 uM BPh in 2 or 5 mm path-cells. Microsecond flash photclysis Stugles
made use of 200 ns 530 nm. excitation flashes from a flasnlamp~pumpec
coumarin-7 dye laser. The detection system had a response time of apout 1 us.

BPh was prepared as descripea previously [8]. Micellar solutions were
prepared by injecting concentrated aliquots of BPh in ethanol 1nto 5.1 M
aqueous CTAB follcwed by aodition of the electron acceptor.. These solu-
tions were thorougnly degassed by at least 10 freeze-thaw cyCles on a high-
vacuum line, and sezled. Fluorescence quenching studies were carried out
on a Farrand MKI spectrofluorometer.

Sites of solubilization

Previous studies suggest that Chl-a is solubilized within the nonpclar
inner core of micalle, the process being assisted by hydrophobic nterac-
tions between the hyarocarbon {(pnytyl) chain of Chl-a and the hycrocarton
chain of tne surfactant molecules [15-18]. Based on the structural simi-
larity between Chl-a and 8Ph, we believe that BPh is incorporatec nto tre
inner core of the micelle. The site of solubilizaticn of EQ 11n (TAd
micelles was determined by protonm NMR spectroscopy to be on the average
near the inner surface of tne Stern layer [21]). As cescribed below, the
behavior of pnotoexcited 8Ph in the presence of B( supports our views of
the sites of solupilization of both molecules.

Excited singlet state quenching

Difference spectra for the formation of the BPh excited singlet state
(8Ph*), the excitea triplet state (BPh'), and the cation racical (BPh°)
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in CTAB micelles are closely similar to those obtained in a number of
organic solvents [8,21].

The lifetime of BPh* was obtained from the decay of excited state
absorbance at 610 nm and from recovery of BPh ground state bleaching at 755
am. Lifetimes measured at the two wavelengths were the same within
experimental error. Figure 1 shows the first order decay plots for BPh* in
CTAB at 755 nm. These measurements give lifetimes for BPh* of 2.2 * 0.3
ns, 1.1 + 0.2 and 0.6 + 0.1 ns in the absence and in the presence of 3C or
70 m BJ, respectively. The lifetime in the atsence of guenchers is the
same within experimental error as the value of 2.0 * 0.2 ns obtained
previously in acetone:methanol {7:3) solution (8].

The reduction in BPh* lifetime and tne fluoresence quenching measure-
ments (not shown) are in good agreement and are linear 1n BQ concentration
up, to about 30 mM BQ. These gata give a guenching constant Kg = 33 *+ 2
m-!. Together with a 2.2 ns lifetime in the atsence of quencher, this
yields a second order quenching rate of 1.5 + 0.2 x 1010 M-ls=1 in
CTAB micelles. Previously a value of 1.7 +70.2 x 1010 M-ls=! was
obtained in acetone:methanol (7:3) {8]. Thus, quenching rates of BPh* by
BQ are about the same in CTAB micelles and in this homogeneous solution.

1

BPh in CTAB

.2 .
<
L]
4 .
5
-3
NO BQ 4
» 30 mM BQ .
.4 7omuBa T
—_ 1 1 1 1 A e 1
1 2 3 4
Time (ne)

Fig.1 First orcer decay plots for 20 uM BPh following excitation with 8 ps
538 nm flashes, measured from recovery of ground state bleaching at 755
nm. The ordinate is the absorbance change at time, t, minus that at the
asymptote of the decay curve, measured between 6 and 9 ns after excitation,

Above 30‘mM tne quenching becomes noniinear in BQ concentratich in both
CTAB and in organic solvents, Dut 1is much more pronounced in CTAB
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micelles. This does not appear to be due to ground state complexes involv-
ing BPh and BQ, because at the highest concentration of BQ used (70 mM) no
new bands were observed in the absorption or fluorescence spectra. Such
nonlinear gquerching benavior has been attributed previously to static
quenching and woui2 involve “instantaneous” quenching of those BPh* mole-
cules formed withim an active quenching radius of an electron acceptor, ang
thus becomes increastingly important at highe  quencher concentrations [22].
Enhanced static quencning 1n CTAB micelles at high BQ concentrations $ug-
gests that at these concentrations more 8Q molecules lie within the effec-
tive quenching distance of BPh at the time of excitation than 1n nomogene-
ous solution. This result is in agreement with the contention that 3Q
molecules are preferentially solubilized at the inner surface of the Stern
layer and that BPh molecules reside within the micellar inner core.

Formation of cation radicals

Irradiation with 200 ns 530 nm flashes of BPh in CTAB rr.ifelles n the
absence of Juenchers produces absorbance changes due to BPn', tnat decay
with a time constant of 48 us. In the presence of B8Q, these atcsorbance
changes are replacea by the spectrum of the cation radical, 8Pn*,
Kinetics for the decay of 8Ph* measured at 420 nm for 10 uM BPh ang 10 mM
8Q in CTAB were f‘o%.'na to be essentially second agrder. wWith a value of 1.0
+ 0.3 x 100 Mt for the differential extinction coefficient at
T20 am (8,23], we obtain a second order rate constant for tne recomoinatiog
of the separated ions, BPh* and BQ~, of 28 «+ 1.5 x 10V mls~
in CTAB micelles. A value of 1.8 + 1.0 x 10! =1s-1 was obtainec in
acetone:methanol (7:3). -

-

With the ps apparatus, no-additional absorbance changes near 850 nm,
where BPh* is kncwn to have weak absorption [8,23], were detectabie fcr
40 yM BPh in CTAB aricelles in the presence of 30 or 70 mM BQ. Stnce the
detection limit for absorbance changes is 0.025 with our ps apparatus, the
yield of BPn* coula be as much as 4@ at the 40 WM BPn concentratea useag
and still go unobserved at 850 nm. Thus, in the present study we were not
able to dexrermne wnether BPh* in CTAB micelles forms preferentially via
BPh* or BPh'.

A better region for monitoring the formation of BPh" would be at 400
nm where it absorbs strongly. Unfortunately, we could not make ps observa-
tions in this regicn because of strong sample absorbance and declining
probe intensity. Efforts are currently underway to obtain enhancec prote
intensity in the 400 nm region by using 530 nm lignt to generate the
picosecond continuum and by improvement< in the optics.

The fact that BPh is readily seen with 200 ns excitation flashes but
goes undetected in the ps experiments is due to myltiple recycling of the
system during the much longer 200 ns flashes. Thus our observation of
BPh* in this case does not necessarily imply a high intrinsic quantum
yield of formation [8].

Conclusions

Electron transfer from BPh* to BQ is more efficient in CTAB micelles
than 1in acetone:met:ians] solution at high BQ concentrations. At l¢w BQ
concentrations the gquenching rate is about the same in the two systems, as
is the recombination rate of separated ions. Similar oObservations nave




been reported on the chlorophyll sensitized reduction of methyl viologen in
nonionic micelles [16], whereas other systems nave shown more pronounced
effects [17,18].

Additional studies with an expanded series of electron dcnors and
acceptors are underway to elucidate this behavior and to further investi-
gate the effects of various types of micelles on the rate of electron
transfer quenching, the yield of ion separation and the rate of cnarge
recombination. We also hope to resalve optically the formation of radical
ions from excited singlet and triplet state reactions in micelies, as has
been done in homogeneous solution 8], since this is crucial for devising
efficient models far photosynthetic electron transfer.
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Picosccond Studies of Electronic Relaxation in
Triphenylmethane Dyes by Fluorescence-Upconversion :

G.S. Beddard, T. Doust, and M.W. Windsor!

Davy Faraday Research Laboratory, The Royal Institution,
21 Albemarle Street, London W1X 48S, United Kingdom

INTRODUCTION

The electronic relaxation in solution of triphenylmethane dyes,
TPM(Fig. 1), such as crystal violet (CV) and malachite green (MG), has
been studied in several ways and is found to show a significant dependence
1 on solvent viscosity. The fluorescence quantum yield, Q, is very small
(<0.1 ) in fluid solvents, but increases to about 30%in extrenely viscous
media [1-3]. Both fluorescence yield studies and picosecond specltroscopic
kinetic measurements [4-8) of the decay of excited state absorption (ESA)
and of the rates of ground state repopulation {GSR) show that increased

o
—
Ll
i,

Fig. 1 The triphenylmethane dyes crystal
vioTet CV [R} = Ry = R3 = N{CH3)p] and
malachite green MG (R] = H, Ry = R3 = N(CH3)2)

solvent viscosity leads to reduced rates of electronic relaxation. The
cations of TPM dyes assume a 3-bladed propeller configuration in
solution. The model proposed by forster and Hoffmann (FH) [1] envisages .,
that the excited molecule undergoes a conformational change involving A
synchronous rotation of the phenyl rings to new conformations that heve
enhanced rates of non-radiative decay. The ring rotation is driven by
steric repulsion between ortho hydrogen atoms on adjacent pheny! r1ngs 573

is hindered by solvent viscosity. Their mocel predicts a 4
dependence that is supported by some measurements El 3,87, but the t1me
dependence of excited state relaxation of exp (-at ). also predicted by 3

the model, has not been observed. Picosecond GSR studies of (V by Magce
and Windsor[4) indicated that internal conversion 1is the dominant
mechanism, but their data did not distinguish between several possitle
functional descriptions of the recovery. Ippen et al. [6] studied GSR for
MG and found a single exponential recovery for n<l poise and a double
exponential for n>1 poise. A single exponential decay of fluorescence for
MG was reported by Yu et al. [7], but Hirsch and Mahr{8] observed a double
exponential decay. However, the lifetimes of the faster decays of Hirsch
and Mahr agree both with the lifetimes of Yu et al. and the slower
component of GSR reported by Ippen et al. Very recently Cremers and

1 permanent address: Department of Chemistry, Washington State University,
Pulliman, WA 99164, USA
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Windsor(9]), in a detailed study by picosecond flash photolysis, found that
a sum of many decaying exponentials was required to fit their GSR and ESA
kinetic data. In their model excitation produces in the excited state a
replica of the ground-state conformational distribution, In nigh
viscosity solveats the conformations are fixed and each conformation
exhibits an independent and different rate of decay, thus leading to an
overall mylti-exponential decay. In solvents of lower viscosity, confor-
mational changes can occur on the time scale of the relaxation and recuced
viscosity leads to a transfer of excited molecules into the faster non-
radiative decay channels., This model reconciles the kinetic date of
Hirsch and Mahr and of lppen et al., but the disparity between the kinetic
and quantum yield measurements remains to be explained. Although a large
amount  of kinetic gate has now been accumulated on the
viscosity-dependent relaxation of CV via studies of ESA ana GSR, to date
no time-resolved studies of CV fluorescence have yet been made. ke
present here a picosecond kinetic study of the solvent-dependent
relaxation of bpoth CV and MG studied by laser uypconversion of the
fluorescence emission.

EXPERIMENTAL

R synchronously-pumped jet-stream dye laser producing pulses of 4 ps
duration at 595 nm was used to excite the fluorescence of solutions of (v
and MG in various viscous solvent mixtures. Heating of the sample volume
was avoided by the use of a jet stream for the more fluid solutions and a
sample cell rotated eccentrically about an axis normal to the plane of the
cell for the more viscous solutions. The fluorescence was upconverted to
about 310 nm by mixing in a Lil03 crystal with a portion of the
excitation beam obtained by use of a suitable beam splitter. By varying
the time delay of this latter beam with a delay line controlled by a
stepping motor, the fluorescence decay profile can be mapped out. The
fluorescence signal was observed over the range $50-800 nm by angle tuning
the Lil03 crystal. CV samples were purified samples provided by Cremers
and Windsor. Commercial samples of CV not specially purified, gave
results that did not differ from those for the purified material. The MG
used was a biological stain sample of 98% purity. A1l experiments were
performed at 21.5°C. Solution viscosi’ies were also measured at this
temperature with an Ostwald viscometer which was calibrated against oils
of standard viscosity. ViscosSity data were reproducible to * 2%.

RESULTS

Our results are summarized in Figures 2-4. Fig, 2 is a logarithmic
plot of the decay of CV fluorescence in a glycol/water solution of
viscosity 11P. The time axis corresponds to 3 ps per channel. HNote that
the decay is very close to being exponential except at the earliest
times., A computer fit to a double exponential decay gives a major
component with a lifetime of 150 ps and a minor (15% amplituge)
contribution from a faster decaying component with a lifetime of 41 ps.

We studied the flugrescence decay of CV in solutions ranging in
viscosity from 0.8 P to 50 P. The results for both the long and short
decay components are summarized in a log-log plet in Fig. 3. Within
experimental error both fit guite well to a dependence of the lifetime on
the 2/3 power of the viscosity in agreement with the FH model.

Similar data were obtained for MG, but the dual exponential character
of the decay was more pronounced than for CV even in the more fluia
solvents. Figure 4 shows the kinetics in a glycerol/water mixture of
viscosity 11.5 P together with a dual exponential fit to the data. There
is a long component of 153 ps and a shorter component (45 7% amplituce) of
58 ps. The wviscosity dependence of the MG fluorescence shows an
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approximately 1/3 power dependence of both lifetimes on viscosity in
agreement with the data of Hirsch ang Mahr,

We also studied the wavelength dependence of the fluorescence decay
of CV over the range 650-800 nm. To within 17/ we were unable to observe
any variation in the decay times over this range.

DISCUSSION

Qur results can be understood in terms of the model of Crenmers and
Windsor [9). Excitation produces in the excited state, a replica of the
ground-state population distributed over various angular conformations of
the phenyl rings. In high viscosity solvenis ring twisting 1s viry slow
and this distribution does not change on the time scale of fluorescence
emission. The fluorescence cecay is multi-exponential beceuse, owing to
the convergence of the upper and ground State potential energy surfaces
with increasing ring angle, the rate of internal conversian also increases
with increasing ring angle. Thus a different rate of fluorescence cecay
obtains for each angular conformation, determined by the internel
conversion rate appropriate to each value of ring angle. In low viscosity
solvents, the rate of twisting of the phenyl rings becomes rate
controlling and the decay approximates to a single exponential. we do not
at present understand the differences between the behavior of (V and that
of MG. Probably these differences are connected with differences in the
relative disposition of the upper and lower potential energy surfaces for
the two molecules.

The weaker dependence of the decay time on viscosity for MG implies
that ring rotation by the solvent is less nindered than in the cese of
Cv. This is consistent with the presence in MG of one unsubstituted
pheny) ring, i.e., one ring does not carry a -N(CH3)p group 1n the
para position, leading to a lower degree of n bonding to the central
carbon atom and therefore less resistance to twisting.
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SUMMARY

Picosecond kinetic spectroscopy has contributed greatly in the past five
years to our understanding of primary photophysical and photochemical
events in biological systems, notably photosynthesis, Such systems are chem-
ically and spectrally complex and for progress to be made, broad-band tran-
sient difference spectra are essential. We describe the construction and use of
a low-cost system for converting a single-pulse picosecond laser spectrometer
to an automated instrument in which broad-band transient difference spectra
with good resolution in both absorbance change and wavelength can be
acquired in only a few laser shots. The detection system uses a standard
vidicon-optical multichannel analyzer combination, present in most pico-
second spectroscopy laboratories, interfaced to a reliable, home-assembled
microcomputer. Detailed “how to’ descriptions of the method and its im-
plementation are given and representative spectra of an intermediary elec-
tron transfer state in bacterial photosynthetic reaction centers are used to
dernonstrate the advantages of the automated two-dimensional technique
over the point-by-point single-shot approach.

INTRODUCTION

Picosecond flash photolysis and kinetic spectroscopy have been of great
value in biology and biophysics during the past five years, notably in improv-
ing our understanding of the early stages of photosynthesis (see refs. 1—3 for
recent reviews). Biological systems are often chemically and spectrally com-
plex and kinetic studies at a single wavelength are of limited value. Not only
fast time resolution, but also broad spectral coverage and the ability to
detect small changes in absorbance, are needed to elucidate the primary
photophysical and photochemical steps. Much of the work has been carried

—— . .
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out with th_ aid of the single shot picosecond flash photolysis technique
[4—7]. The OD of the sample is obtained at a given time delay, in the range
from a few ps to a few ns following excitation by a 5—10 ps duration pump
pulse, by means of a spectrally broad (‘‘white light’’) picosecond continuum
pulse generated via a process commonly called self-phase modulation (SPM)
(4]1. The probe pulse monitors both a region of the sample that is exposed
to the pump pulse and also adjacent immediately contiguous regions that are
not exposed. Comparison of the probe pulse intensity transmitted through
the exposed region (/) and the unexposed regions (/,) enables the change in
optical density of the sample to be calculated (as AOD = log I,/I) in a man-
ner similar to that used in a conventional spectrophotometer. With this
technique, to acquire an zbsorption spectrum over a range of several hundred
nm, it is necessary to obtain the transient OD point-to-point at a multitude
of wavelength settings. In addition, since 5 or more shots are often required
at each setting to obtain a satisfactory signal-to-noise ratio, several hundred
laser shots and a period of 4—8 h are usually needed to acquire the desired
spectrum with adequate resolution in both absorbance and wavelength. Not
only is the above process tedious, time-consuming and laborious, it is also
quite unsatisfactory for the study of irreversible photolabile systems (e.g.,
rhodopsin) necessitating the use of a flow system and large sample volume to
provide fresh sample for each laser shot. Finally, ambiguities in the inter-
pretation of kinetic data arise at short delay times when measurements are
made at a single wavelength, owing to possible spectral changes associated
with energy relaxation on the time scale of the measurement [8]. Observa-
tions over a broad spectral band are advantageous in such situations.

In response to the above problems, automated 2-dimensional (optical den-
sity vs. wavelength) measurement techniques have been developed. These
typically make use of commercially available vidicon detectors interfaced to
a 2-d Optical Multichannel Analyzer (OMA) such as the Princeton Applied
Research (PAR) 1215 OMA-2 and a dedicated minicomputer. Such detection
systems have been used with a subpicosecond resolution dye laser apparatus
{9] and with 7—10 ps resolution Nd/glass laser systems [9—11]. Huppert et
al. have used a liquid N,-cooled RCA 4532 vidicon and controller interfaced
to a Nova minicomputer [12].

A major disadvantage of the above systems is that they may cost as much
as US $ 50,000 over and above the cost of the basic laser : pparatus. In our
laboratory, we have developed, constructed and used an in¢xpensive system
that is based on the commonly used standard PAR 1205A/B OMA-vidicon
detection system (cost about $ 12,000). We have interfaced this to a micro-
computer system built in our laboratory from kits obtained from several ven-
dors (see below and ref. 13). Since the majority of picosecond spectrosco-
pists using Nd/glass laser systems already possess the standard 1205 OMA.
vidicon combination, the additional cost to make possible 2-dimensional
recording of data is no more than $ 7200 ($ 3500 for the microprocessor
and peripherals, $ 1500 for a low-dispersion monochromator, and $ 2200 for
1205-08 2-d option card).
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METHODS AND MATERIALS
Description of system

A block diagram of the complete detection system is given in Fig. 1. The
ground and excited state absorbance information is provided by our laser
system [4,5]. A single 1060 nm pulse of ~ 8 ps duration is selected from the
output train of a modelocked Nd/glass laser, amplified twice and frequency-
doubled with about 15% efficiency to give a 3 mdJ pulse at 530 nm. The 530
nm radiation is split off by a dichroic mirror and is focused to a 1.5 mm spot
on a 1—5 mm path sample cuvette. Excitation pulses at 627 or 600 nm are
obtained via the stimulated Raman process by focusing the 530 nm light into
a 5 cm cell containing cyclohexane or its perdeuterated analogue. The 1060
nm pulse remaining after frequency doubling passes the dichroic mirror and
is focused into a 10 cm long cell containing CCl, in which a broad-band (360
to beyond 1060 nm) continuum probe pulse, also of ~8 ps duration, is pro-
duced. Residual 1060 nm light is removed with another dichroic mirror. The
probe pulse traverses an optical delay line, is elongated in the vertical direc-
tion with two cylindrical lenses, and passes a spherical lens to produce an
essentially collimated beam about 1.5 cm in height which is directed to the
sample position. [The system is aligned with a He-Ne laser beam traversing
the same optical paths as the 8 ps pump and probe pulses.] As shown in
Fig. 2A, the sample holder has a vertical slit 3 cm high and 5 mm wide
behind the sample cuvette. Behind this we place a plate containing two hori-
zontal slits whose centers are separated vertically by 1 cm. These slits are
each 2 mm wide (vertical direction). The point midway between the two
slits is at the same height above the optical table as the center of the verti-
cally elongated probe beam and the center of the 1/4 m Jarrell—Ash mono-
chromator entrance slit. The pump pulse is focused at the center of the sam-
ple cuvette and through the lower of the two slits, henceforth called the
“excited region slit”. The upper slit is called the “reference region slit”. The
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Fig. 1. Block diagram of the overall data acquisition, storage and analysis system of the
picosecond absorption spectrometer. The monitoring pulse from the laser apparatus con-
tains sample ground and excited state absorption information over a range of wave-
lengths. This is dispersed by the monochromator and detected by the vidicon coupled to
an optical multichannel analyzer (OMA). Spectral information from the OMA is pro-
cessed by the computer to yield a transient absorption spectrum for a single laser shot.
This is displayed and then stored on a floppy disk.
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Fig. 2. A) Pump and probe beam geometry at the sample position. The sample holder and
plates containing vertical and horizontal slits are actually sandwiched together. The pump
beam is incident on the sample at an angle of about 10° with respect to the probe beam
and passes through the vertical and lower horizontal slits. The light transmitted through
unexcited (/y) and excited (/) sample regions is then focused onto the entrance slit of a
monochromator, as described in the text. B) Imaging of excited and reference region light
dispersed by the monochromator onto the two 500 channel vidicon tracks. The electron
beam actually does two 500 channel triangular scans. On the first scan the “selected”
excited region track is read and data are stored in OMA memory A; the electron beam
does not “read” off charge on the remainder of the vidicon during this scan. On the
second scan, intensity information for the sample reference region is read from the sec-
ond track and stored in memory B. The results of 5 such accumulations for each track are
added in the corresponding memories, since a preset of 10 is used. The track settings used
for trimpots on the 2-d option card are height (H) = minimum, separation (S) = maxi-
mum, and position (P) = centered. See text for more details.

probe light passes through both excited and reference region slits (Fig. 2A)
and the two spots are focused by a 100 mm focal length, 35 mm diameter
lens on to the 250 um entrance slit of the monochromator. This lens is
placed on an X-Y-Z translation stage in order that its position can be
adjusted so that the two optical spots overlap two tracks on the face of the
vidicon as described below. If desired, the cylindrical lenses could be
replaced with a beam splitter and mirror to generate two probe beams that
pass through excited and reference region slits,

We machined off the exit slit and holder from the monochromator so that
the vidicon detector surface can be placed at the exit slit plane, and so that
the vidicon can be rotated about the optical axis. For 2-d measurements the
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vidicon is rotated so that the square preamp box is pointed down. Since the

electron beam sweeps the vidicon channel by channel perpendicular to the

preamp box, it will sweep perpendicular to the 500 channel track direction

(Fig. 2B), reading one track at a time and placing the information in the

appropriate OMA memory. The OMA circuitry is adjusted as follows:

1. Set switch on rear of OMA to 2-d.

2. Set ANSUB switch (S2) on the timing card to left-hand position to defeat
automatic baseline subtract.

3. Set thumbwheel switches on 2-d card for two tracks, which should be seen
on the display.

Track Height, Separation and Position are adjusted with the aid of three
trimpots on the 2-d circuit card, as follows:

4. Set track height (width) to minimum setting (fully CCW) while listening
for trimpot clicking. This is done to avoid possible track overlap which
could otherwise occur because of the reduced span of the vidicon em-
ployed when only two tracks are in use (see No. 5).

5. Set track separation to the maximum setting (full CW). Note that when
only two tracks are used, only a fraction of the entire 0.5 inch dimension
of the vidicon is employed. Thus, even at maximum track separation,
there is no danger of spillover of either track off the active surface of the
vidicon provided that the active region is properly centered (see No. 6).

6. Adjust track position to middle setting (about 6 turns from either
extreme). This setting centers the two tracks along the y-axis of the vidi-
con surface. We find the settings given in 4—6 above work well with our
light level (additional filters are required even at the minimum track
width), optical spot spacing and size.

7. Set switch on 2.d circuit card to right hand position for ‘‘dual spectrum”
mode. Use ‘“track select” button to identify the excited region track as
the ‘‘selected track” (the selected track is intensified on the display). Data
from this track will then be stored in the A memory and data from the
reference region track will be stored automaticaily in the B memory. This
procedure ensures that the calculated optical density difference, AOD,
will have the correct sign (our software assumes that excited state data are
always stored in memory A).

Procedure for aligning optical spots with vidicon tracks

The focusing lens must be adjusted so that the two optical spots are in
optical registration with the two tracks on the vidicon surface. This may be
accomplished with the 632 nm line of the He-Ne laser and the OMA in the
real time mode. Best alignment is achieved by obtaining the following
sequence of signals on the vidicon as the focusing lens is moved vertically
downward (see Fig. 3): (1) lower spot lines up with upper track, (2) both
spots line up with the corresponding tracks, (3) upper spot lines up with
lower track (not shown). No signal is obtained for the intermediate posi-
tions, ensuring that the tracks are not overlapped. If this sequence cannot be
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Fig. 3. Alignment of the two optical spots with the two vidicon tracks using the 632 nm
line of the He-Ne laser and the OMA in the real time mode. The track separation (s) is set
at the maximum value as discussed in the text. The distance (d) between optical spots is
adjusted by changing the distance of the focusing lens from the entrance slit of the mono-
chromator. The 632 nm peaks are obtained on the two track display for three possible
combinations of d and s as the focusing lens is moved vertically downward. The distance
of the vertical lens from the monochromator should be adjusted so that case C (d = ¢) is
obtained and the vertical setting of the lens returned to the position where both optical
spots are exactly aligned with the two tracks, as shown at the lower right of the figure.

obtained, the distance of the focusing lens from the entrance slit of the
monochromator should be adjusted. After the proper patterns shown in
Fig. 3 are obtained, the lens is finally reset to the position for which both
spots (excited and reference region light) are aligned with the corresponding
tracks. Some fine tuning can also be accomplished with the OMA track
height and separation trimpots.

To ensure that no wavelength disparity exists between the two tracks, the
monochromator setting is adjusted so that the peak of the 632 nm line of
the He-Ne laser is near the center (channel 250) of both tracks. When the
cursor is moved to the peak of the signal on one track, it should also lie
within one channel of the peak of the signal on the second track. If this is
not the case, the vidicon must be rotated about the optical axis until the two
tracks are aligned properly with one another at this wavelength. The mono-
chromator setting should be scanned in both directions to ensure that the
heights of the peaks do not change as they approach either extreme (chan-
nels 0 or 499). If the intensities drop off before either extreme is reached,
then the monochromator with vidicon attached must be rotated in the hori-
zontal plane until the probe light enters the monochromator directly down
the optical axis.

The microcomputer system

A complete description of the microcomputer, peripherals, and the simple
OMA interface hardware and software is given elsewhere [13]. The system
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is configured around the Motorola 6800 microprocessor, built into a South-
west Technical Products Corporation (SWTPC) mainframe. (SWTPC now
offers a more powerful mainframe designed around the Motorola 6809
microprocessor; the same OMA interface circuitry can be used.) The entire
microcomputer system, including 28K static RAM memory, 4K program-
mable EPROM, terminal, printer, plotter, A/D and D/A converters, 8-in.
floppy disk drive with 350 Kbytes per disk, and software can be purchased
for under $ 4000. Of these items, all except the plotter were purchased in
kit form and asseémbled in our laboratory; all components can be purchased
in assembled and tested form at additional cost.

Acquisition and presentation of spectral data

When the laser is fired, a trigger pulse from a flashlamp-light detection cir-
cuit in the main laser cavity is applied to the interface circuitry [13]. This in
turn enables the OMA to accumulate excited and reference region data into
the OMA A and B memories for the preset number of accumulation cycles.
We use a preset of 10 to give an accumulation of 5 scans of each of the two
tracks. Upon completion of the total accumulation, the OMA signals the
computer that the experimental data are stored in the OMA memories and
that data transfer from OMA to computer can take place. This transfer is
completely controlled by the interface hardware and software [13], and the
data are stored in the computer RAM memory. Immediately following this
sequence, the results of a dark noise (laser not fired) accumulation are
transferred to the computer and subtracted from the results of the data
accumulation. For each of the 500 channels along the wavelength axis, the
computer calculates AOD = log (unexcited region data/excited region data)
and stores the resultant spectrum on floppy disk. To correct the spectrum
for innomogeneities in the probe light falling on the two tracks a second
spectrum i3 acquired and stored on disk according to the sequence just
described. except that the excitation light is blocked. Several spectra with
and without excitation are acquired and stored, the number depending on
the magnitude and desired accuracy of AOD. A spectrum which is the
average of those taken with no excitation present is subtracted point by
pomt from the spectrum representing the average of those taken with exci-
tation light present. The resultant is the final corrected spectrum of AOD vs.
wavelength at the selected pump—probe delay time. We choose to store the
spectrum obtained from each laser shot on floppy disk; however, spectra can
be added and averaged within computer memory so that the system can be
operated at a much higher repetition rate if necessary.

Wavelength resolution and total span of the spectrum are determined
primarily by the dispersion of the monochromator grating (a 250 um
entrance slit is used). The active surface of the vidicon is 12.7 mm by 12.7
mm. For most studies we use a 147.5 grooves/mm grating having a dispersion
of 26 nm/mm. Thus along the 500 channels of both vidicon tracks there is a
26 X 12,7 = 330 nm total wavelength span with 330/500 = 0.66 nm/channel
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resolution. Gratings of lower dispersion are used when higher resolution and
lower total wavelength span are required. With large spectral spans and fast
kinetics ‘‘chirping” of the probe beam must be considered. Chirping arises
because different wavelengths of the continuum have different velocities in
dispersive media and therefore arrive at the sample at different times. This
effect can be measured and allowed for, but it is preferable to minimize
chirping by reducing as much as possible the number of dispersive elements
in the optical path [14].

For samples with both strong and weak regions of sample absorbance,
colored glass and neutral density filters are used to keep the light intensity
across the desired spectral range within the range of counts (100—700 counts
per channel) that gives best reproducibility of AOD values.

RESULTS

Fig. 4 compares the near-infrared difference spectrum for the formation
of state P'Q™ in Rhodopseudomonas spheroides reaction centers obtained
with the 2-d acquisition mode and the point-by-point 1-d method. Here, P is
a bacteriochlorophyll dimer and Q is a ubiquinone [1]. The 1-d spectrum
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Fig. 4. Comparison of the transient difference spectrum for state P'Q™ in R. spheroides
R-26 reaction centers taken with 1-d and 2-d modes of operation. Both spectra were
taken 500 ps after excitation with a 600 nm 8 ps pulse. The 1-d spectrum shown in B
required about 90 laser shots and 4 h of work. The 2-d spectrum shown in A took only 7
laser shots with and 7 shots without excitation and required about 35 min to acquire and
display. Each of the points on the 1-d spectrum is the average of 5 laser shots and typi-
cally has an S.D. of +0.025. Because of the presence of both strong and weak regions of
sample absorbance about 12 shots with and 12 without excitation in the 2-d mode will
give +0.025 accuracy across the entire region shown.
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required 90 laser shots (5 at each wavelength) and took 4 h to obtain. The
2-d spectrum required 7 shots with and 7 shots without excitation, and was
obtained in only 35 min. Thus, the acquisition time for 2-d operation is sub-
stantially less than for the 1-d method. Furthermore, points are obtained at
intervals of 0.7 nm rather than 10 nm. The 2-d data give an essentially con-
tinuous spectrum and do not require guesses to be made as to how the
appropriate curve through the points is to be drawn, as is necessary in the
1-d case. This advantage is particularly important for complex multicom-
ponent systems such as the photosynthetic reaction centers, where transient
difference spectra have many peaks and troughs over a relatively small
wavelength range. For this reason the 2-d mode is extremely valuable for
exploratory work on such biological systems, especially when prior informa-
tion regarding highly featured spectra is absent.

CONCLUSIONS

The automated picosecond spectrometer we have described makes pos-
sible the acquisition, in a period of less than an hour using only one or two
dozen laser shots, broad-band absorption spectra of transient intermediates
over a range of up to 300 nm with excellent resolution in both absorbance
(+0.025) and wavelength (0.7 nm). These features are especially useful for
studying biological systems. Lower resolution spectra, suitable for explora-
tory study of new systems, are obtained in a matter of minutes with only a
few laser shots — a great advantage in the case of samples susceptible to
photodegradation. The system can be constructed at a modest incremental
cost ($ 7200) over the cost of instrumentation present in most picosecond
spectroscopy laboratories. In addition to controlling the detection system
for the picosecond laser apparatus, the microcomputer system we have
described is also very useful for acquisition and analysis of data from other
laboratory instruments.
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INTRODUCTION

Photoinitiated charge separation in bacterial reaction centers involves at
least two electron transfer steps: an initial step from the excited singlet state
(P*) of a bacteriochlorophyll dimer (P) to a bacteriopheophytin (BPh)
within 4 ps of excitation [1] followed by transfer of the electron from BPh~
to a quinone in about 200 ps [1—4]. Both steps have quantum yields of
100% [5,6], indicating that the forward reaction is much faster than the
reverse electron transfer within the intermediate radical pair state [P'BPh"].

In homogeneous solution the situation is quite different. Although the
excited singlet states of BPh and chlorophyll (Chl) are effectively quenched
by p-benzoquinone (BQ) and other electron acceptors in polar organic sol-
vents, this reaction does not lead to detectable yields of charge separated
ions [7—10]. In contrast, electron transfer from the lowest excited triplet
states of BPh and Chl to BQ yields easily detectable amounts of the radical
cations [8—11). The reason adduced is that reverse electron transfer within
the intermediate triplet radical pairs to give the ground singlet state is spin-
forbidden, giving the ions more time to diffuse apart [12,13]. Under spe-
cially favorable conditions in solution radical ions have been detected from
excited singlet state electron transfer. For example, in the case of BPh'
quenched by methyl viologen (MV'"), the radical pair state (BPh"MV’] is
repulsive and the ions fly apart. But, even under these extreme conditions,
75% of the singlet radical pairs deactivate to the ground state by reverse elec-
tron transfer [14].

It is not at present understood why the singlet pathway is so effective in
the reaction center, whereas only the triplet route operates effectively in
homogeneous solution, although several reasons for this difference in behav-

* Present address: Department of Chemistry, Washington University, St. Louis, MO 63130,
US.A.
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ior have been considered. These include the effect of vibrational changes
{Franck --Condon factors) on reverse clectron transfer rates and the possibil-
ity that different orbitals may be involved in the forward and reverse elec-
tron transfer steps [13,14]. The possible importance of the microscopic
environment in assisting charge separation and hindering reverse electron
transfer in reaction centers has not explicitly been considered in these dis-
cussions. To explore its role, we have studied reactions of photoexcited BPh
in aqueous micellar solutions with picosecond and slower spectroscopic
techniques.

Surfactant (detergent) molecules possess a polar headgroup and a non-
polar hydrocarbon tail. In a narrow concentration range the surfactant mole-
cules self-aggregate in aqueous solution to form colloidal complexes of high
molecular weight, called micelles [15]. These are roughly spherical structures
with a nonpolar inner core comprising the hydrocarbon tails and a charged
surface region made up of the headgroups, called the Stern layer, surrounded
hy the counterions and the bulk aqueous phase. The micellar surface is posi-
tively charged (cationic) in cetyltrimethylammonium bromide (CTAB)
micelles and negatively charged (anionic) in sodium dodecylsulfate (SDS)
micelles. The hydrophobic interactions responsible for micellar stabhility are
similar to those which stabilize biological membranes and globular proteins
[15]. Micelles provide a means for imposing structure on the microscopic
environment and for controlling the distance between the reactants.

Our purpose in undertaking the studies presented here was to find out if
micelles could affect the rate of electron transfer between the reactants. the
rate of reverse electron transfer within the radical pair state, and the recom-
bination rate of separated ions. Previous studies in micelles of electron trans-
fer from photosynthetic pigments and other porphyrins to various electron
acceptors have had some success in this regard [16--19]. We chose the sys-
tems BPh + BQ and BPh + MV*" for our initial investigations in micelles
hecause the excited state photophysics and elec tron transfer hehavior of BPh
with these electron acceptors in homogeneous solution are well characterized
[8.12--14]. By comparing results obtained in micelles, homogeneous solu-
tions, and reaction centers, we hope to explore the effect of the environment
on charge separation in a systematic way.

METHODS AND MATERIALS

The picosecond apparatus has been described previously [20]. For the
present study, 8 ps 530 nm flashes were used to excite sample solutions of
40 uM BPh in 2 or 5 mm path cells. Microsecond glash photclysis studies
made use of 200 ns 530 nm excitation flashes from a flashlamp-pumped cou-
marin 7 dye laser. The detection system was similar in design to that used
previously [8]. It consisted of a 0.25 m monochromator, RCA T151W
photomultiplier tube, op-amp circuit, and Tektronix 549 storage oscillo-
scope. The total detection system had a response time of approximately 1 us.
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BPh wus prepared as described previously |8]. Micellar solutions were pre-
pared by injecting concentrated aliquots of BPh in ethanol into 0.1 M
agquerous CTAB or SDS, followed by addition of the electron acceptor. These
solutions were thoroughly degassed by at least 10 freeze—thaw cycles on a
high-vacuum line, and sealed. Fluorescence quenching studies were carried
out on a Farrand MKI spectrofluorometer. Proton NMR spectra were
recorded on a JEOL-100 spectrometer,

RESULTS

Electron transfer from photoexcited BPh to BQ in CTAB micelles and in a
number of organic solvents was investigated in detail. Less detailed studies
were made of BPh + MV™" in CTAB and BPh in SDS micelles.

Sites of solubilization

Previous studies suggest that Chla and other metalloporphyrins reside in
the nonpolar inner core of micelles. In the case of Chla and related pig-
ments, it has been suggested that hydrophobic interactions between the
hydrocarbon (phytyl) chain of the substrate and the hydrocarbon chain of
the surfactant molecules assist in the incorporation of the substrate mole-
cules into the micelles {17,21,22]. Based on the structural similarity between
Chla and BPh we believe that BPh is incorporated into the inner core of the
micelle. Furthermore, solid BPh is insoluble in water, while an ethanolic
stock solution of BPh is very soluble in aqueous surfactant solutions. Alco-
hols are known to be solubilized in micelles, rather than in the bulk aqueous
phase {15].

The sites of solubilization of BQ and MV in CTAB and SDS micelles
were determined by proton NMR spectroscopy. In all cases but MV in
CTAB, we observed shifts in the a-CH, resonance of the surfactant molecule
hydrocarbon chain, suggesting that these electron acceptors are solubilized
on the average near the inner surface of the Stern layer. In the case of MV"™"
in CTAB, repulsive interactions force the ion away from the positively
charged surface of the micelle into the bulk aqueous phase. As described
below, the behavior of photoexcited BPh in the presence of BQ or MV™ sup-
ports our views on the sites of solubilization of all three molecules.

Excited state spectra and lifetimes in the absence of quenchers

Difference spectra for the formation of BPh* and BPh™ in CTAB micelles
are shown in Fig. 1. These spectra are closely similar to those obtained in
ethanol, in cyclohexane, and previously in acetone : methanol (7 : 3) solu-
tion [8,14]. The spectrum for the formation of BPh" (crosses in Fig. 1) is
also shown and will be discussed below,

The lifetime of BPh® was obtained from the decay of excited state absor-
bance at 610 nm (an isosbestic wavelength in the spectrum of BPh", Fig. 1)
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Fig. 1. Difference spectra for the formation of BPh* ("), BPhT (e), and BPh* (x) in CTAB
micelles. The BPh* spectrum was measured 50 ps after excitation of 40 uM BPh with 8 ps
530 nm flashes. Absorbance changes between 720 and 800 nm were measured in 2 2 mm
path cell and then scaled for the 5 mm path cell used for the remainder of the spectrum.
The spectrum of BPhT was measured from 450 to 950 nm with the ps apparatus 5 ns
after excitation of 40 uM BPh in a 5 mm path cell and with the us apparatus from 360 to
650 nm. The latter measurements employed 200 ns 530 nm flashes with 20 uM BPh in a
1 cm cell. The two portions were normalized at 600 nm and plotted together. The spec-
trum of BPh* (x) was obtained from the initial absorbance changes on the us apparatus
following excitation of 20 uM BPh + 20 mM BQ in CTAB in a 1 cm cell. These absorbance
changes were scaled by the same amount as the BPhT spectrum; the measured absorbance
change at 410 nm was 0.1. Each point from the ps measurements is the average of at least
5 laser shots, while those from the us apparatus are the average of 2 laser shots,

and from recovery of BPh ground state bleaching at 755 nm. Lifetimes mea-
sured at the two wavelengths were the same within experimental error. Fig. 2
shows the first order decay plot for BPh* in CTAB at 755 nm. Measurements
at this wavelength and at 810 nm give lifetimes for BPh* of 2.2 + 0.3 ns in
CTAB, 2.0 + 0.2 ns in ethanol and 2.1 + 0.2 ns in cyclohexane. These figures
are the same within experimental error as the value of 2.0 + 0.2 ns obtained
previously in acetone : methanol (7 : 3) solution [8]. The agreement suggests
that there is no significant heavy atom effect of the Br™ counter ions on the
decay of BPh* in CTAB micelles, and supports the view expressed above that
BPh resides in the inner core of the micelles with no access to the aqueous
phase where the Br™ ions are located. The BPh" lifetime also appears to be
insensitive to the presence of O,, since the same lifetime was obtained
whether or not samples were degassed. Henceforth, we will use a value of
2 ns for the BPh* lifetime in the absence of quencher in CTAB micelles or in
the organic solvents used in this study.
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Fig. 2. First crder BPh* decay plots measured from recovery of ground state bleaching at
755 nm following excitation of 40 uM BPh in CTAB micelles in the presence or ahsence
of BQ with 8 ps 530 nm flashes. The quantity In]|AAA| plotted on the ordinate is the
absorbance change measured at time, ¢, minus the value measured at the asymptote of the
decay curve, measured between 5 and 9 ns after excitation. The absorbance change at
each time is the average of the results from at least 5 laser shots. The lifetimes obtained
from a series of measurements such as those shown, at both 755 and 610 nm, are listed in
Table 1.

Fig. 3. Absorbance changes at 420 nm following excitation of 20 uM BPh in CTAB
micelles in the presence or absence of BQ with 200 ns 530 nm flashes.

By contrast, the lifetime of the triplet state, BPh", is extremely sensitive
to the presence of O, and its lifetime was measured with the us apparatus in
thoroughly degassed samples at several wavelengths between 400 and 650
nm. The decays in CTAB micelles (Fig. 3A) in ethanol and in cyclohexane
were found to be first order, with a time constant of 46 + 4 us. A value of
16 + 2 us was reported previously in acetone : methanol (7 : 3) {8].

Excited state quenching by BQ

The lifetime of BPh* in CTAB is reduced from 2 ns to 1.1 or to 0.6 ns
upon addition of 30 or 70 mM BQ (Fig. 2). Addition of the same concentra-
tions of BQ to samples of BPh in ethanol decreases the lifetime of BPh* to
1.3 or to 0.9 ns, respectively. The results of the BPh* lifetime measurements
are gathered in Table L.

Fig. 4 shows the Stern—Volmer plot for quenching of BPh* fluorescence
by BQ in CTAB micelles. Quenching appears to be linear up to about 30 mM
BQ, giving a quenching constant Kq = 33 + 2 M~%. Together with the lifetime
in the absence of quencher, 70 = 2.2 ns, this yields a second order quenching
rate constant k, = Ko/72 =151+ 0.2X 10'°M-* - st in CTAB.

Above 30 mM the quenching becomes nonlinear in BQ concentration

. . . VDU OV
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TABLE 1
EXCITED SINGLET LIFETIMES AND TRIPLET YIELDS

Medium BQ (mM) T4 (nS) O

CTAB micelles 0 2.2+0.3 0.46
30 1.1+0.2 0.25 "%
70 06*0.1 014"

Ethanol 0 2.0+0.2 0.46 @
30 1.2+0.1 028"
70 09*0.1 0.21°b

SDS micelles 0 08¢

Cyclohexane 0 2102

4 Measured in acetone : methanol (7 : 3) [8,14].
b Calculated from ¢ = ko7, with ki = 2.3+ 0.4 x 108 M~ - s7! (141,
¢ Biphasic (see text).

(closed circles in Fig. 4). However, this does not appear to be due to ground
state complexes involving BPh and BQ, because at the highest concentration
of BQ used (80 mM) no new bands were observed in the ahsorption or fluor-
escence spectra. Such nonlinear quenching behavior has been attributed to
static quenching [23]. This is thought to involve “instantaneous” quenching
of those BPh® molecules formed within an active quenching radius of an
electron acceptor, and thus becomes increasingly important at higher
quenching concentrations.

The results of BPh® lifetime reduction by BQ in CTAB micelles (Fig. 2
and Table 1) are also plotted in Fig. 4 (open circles) and give the same value
of Kq within experimental error as the fluorescence quenching data. How-
ever, the lifetime quenching appears to be linear up to the highest concen-
tration of BQ used (70 mM). This quantity would not be expected to be
affected by static quenching as severely as is the fluoresence yield {23].

Fluorescence quenching and BPh® lifetime reduction data in ethanol are
also presented in Fig. 4 and Table I. Fluorescence quenching (closed triangles)
Is linear up to about 30 mM BQ with Kq = 22 + 2 M~1, Given the BPh" life-
time of 2ns in the absence of quencher, we obtain k,=1.1+0.1X10'
M-1-s"t in ethanol. As in the case of CTAB micelles, fluorescence quenching
but not BPh* lifetime reduction (open triangles) becomes nonlinear at high
BQ concentrations. From similar measurements, we obtained the second
order quenching rate constants in acetone : methanol (7 : 3) and in acetone
listed in Table II. The results indicate that quenching of BPh* by BQ in
CTAB micelles is about the same as that observed in a humber of organic
solvents and slightly faster than in ethanol.

Previous studies of BPh in acetone : methanol (7 : 3) in the absence of
quenchers gave a quantum yield for BPhT of 0.46 + 0.08 and a rate constant
for intersystem crossing, ki, = 2.3 + 0.4 X 10® M-t - 5! [14]. It is reasonable
to assume the same values in CTAB micelles in view of the absence of a
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TABLY 11
SECOND ORDER RATE CONSTANTS (x10'°M~! . 571)

Solvent BPh* + BQ BPh* + BQ~

CTAB micelles 1.5+0.2 2315
Ethanol 1.1+0.1 14*1.0
Acetone - methanol 1.7+0.2 18t10%2
Acetone 1.6*0.2 2811.1
Cyclohexane - b

% Measured in this study and in ref. 8.
® No ions detected (see text).

i

1 (N

1 | 1 1

A
M) 20 40 60 80

| i i

BQ Concentration (mM)

Fig. 4. Fluorescence quenching (closed symbols) and BPh* lifetime reduction (open sym-
bols) for BPh in CTAB micelles, in acetone and in ethanol as a function of BQ concentra-
tion. Fluorescence from samples of 20 uM BPh was detected at 770 nm and excited at
7385 nm to avoid corrections for absorption of the excitation light by BQ. BPh” lifetimes
were measured as in Fig. 2. For the ordinate of the plots, /¢ and 7, are the fluorescence
intensity and BPh* lifetime while the superscript (°) refers to the value in the absence of
quencher. For the purpose of presenting the data, the results in acetone and in ethanol
have been shifted down vertically by 0.6 and 1.0 units along the ordinate respectively.
From the linear portions of the curves quenching constants of 33 £ 2,32 2and 22+ 2
M™! are obtained for CTAB miceiles, acetone, and ethanol. These values and those ob-
tained in other solvents were used together with the BPh” lifetime in the absence of
guencher to attain the second order quenching rate constants listed in Table II.
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heavy atom effect of the BPh* lifetime (see above). In the presence of
quenchers, the triplet yield is given by ¢ = kTs Where 7, is the BPh* life-
time with quencher present. With this expression, we obtain the values of ¢
shown in Table I for BPh in CTAB micelles and in ethanol with 30 or 70 mM
BQ present.

Formation of cation radicals

Irradiation of BPh in CTAB micelles or in ethanol in the presence of BQ
with 200 ns 530 nm flashes produces absorption changes attributable to the
formation of the cation radical, BPh* (Fig. 1). We also see this spectrum fol-
lowing excitation of BPh and BQ in ethanol, and the same spectrum has been
reported previously in acetone : methanol (7 : 3) solution [8], and following
electrochemical production of BPh* in CH,Cl, [24].

Kinetics for the decay of BPh* measured at 420 nm for 10 uM BPh and 10
mM BQ in CTAB (Fig. 3B) or in organic solvents were computer fit with an
iterative least squares program for mixed first and second order kinetics [25].
The decay of BPh" was found to be essentially second order in CTAB and in
all organic solvents used. With a value of 1.0 + 0.3 X 10° M~ - cm™! for the
differential extinction coefficient at 420 nm (an average of values obtained
in acetone : methanol {14] and CH,Cl, {24]), we obtain the second order
rate constants for the recombination of the separated ions, BPh' and BQ",
listed in Table II.

Addition of 10 mM BQ to 20 mM BPh in cyclohexane quenches all detect-
able absorbance changes on the us apparatus, indicating that the intermedi-
ate radical pairs deactivate completely to the ground state by reverse electron
transfer before the ions can separate. This behavior is consistent with the
results obtained on a variety of systems, in which charge separation is inhib-
ited in nonpolar solvents [23].

With the ps apparatus, no additional absorbance changes near 850 nm,
where BPh® is known to have weak absorption [8,24], were detectable for
40 M BPh in CTAB micelles in the presence of 30 or 70 mM BQ. At 30 mM
BQ, the expected yield is about 50% (Fig. 4) if every BPh" that is quenched
leads to the production of separated ions, or about 25% (Table 1) if every
BPhT that is formed reacts with a BQ to give a BPh'. Since the detection
limit for absorbance changes is 0.025 with our ps apparatus, the yield of
BPh’ could be as much as 40% at the 40 uM BPh concentration used and still
go unobserved at 850 nm. Thus we could not determine the relative effi-
ciencies of BPh" and BPh" in producing radical ions.

A better region for monitoring the formation of BPh™ would be at 400 nm
where it absorbs strongly (Fig. 1). Unfortunately, we could not make ps
observations in this region because of strong sample absorbance and declin-
ing probe intensity. Efforts are currently underway to obtain enhanced
probe intensity in the 400 nm region by using 530 nm light to generate the
picosecond continuum and by improvements in the optics.

The fact that BPh is readily seen with 200 ns excitation flashes (Fig. 1)
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but goes undetected in the ps experiments is explained by multiple recycling
of the system during the much longer 200 ns flashes. Thus our ohservation
of BPh® in this case (Fig. 1) does not necessarily imply a high intrinsic quan-
tum yield of formation [8].

Quenching by methyl viologen

Addition of up to 80 mM MV"’ to samples of BPh in CTAB causes no
detectable changes either in the lifetime of BPh* or in the fluorescence yield.
This observation is consistent with the NMR results presented earlier which
indicate that MV™' is forced into the bulk aqueous phase by repulsive inter-
action with the positively charged micellar surface. It also supports the con-
tention that BPh is located in the micellar inner core, with no access to the
aqueous phase.

Aggregation of BPh in SDS micelles

In SDS micelles a distinct shoulder near 840 nm appears on the long-
wavelength side of the BPh absorption band centered at 760 nm, and a cor-
responding shoulder, although weak, appears in the appropriate region of the
fluorescence spectrum. Such a shoulder is usually taken as evidence for
aggregation [18]. Additioral evidence comes from the observed reduction of
the BPh® lifetime. For 20 uM BPh in SDS micelles, in the absence of
quencher, the decay of BPh” is biphasic with an 800 ps major component
and a smaller amplitude component of several nanoseconds. The latter value
is in the same range as that obtained above for unaggregated BPh in other
solvents (Table [}, and probably corresponds to the lifetime for unaggregated
BPh. The faster component undoubtedly reflects the lifetime of aggregated
BPh, since a reduction in excited singlet state lifetime usually accompanies
aggregation [23].

A possible explanation for aggregation of BPh in SDS but not in CTAB is
that SDS micelles have a larger inner core [15] that could accommodate
more than one BPh. However, at the concentrations used (20 M BPh and
1—3 mM micelles) the probability of there being more than one BPh per
micelle is extremely low. The ohserved aggregation in SDS implies additional
specific interactions involving BPh and SDS that do rot occur in the case of
CTAB micelles.

In addition to the problem of aggregation of BPh, some thermal chemistry
involving BQ also occurs in SDS micelles. This appears to include conversion
of some BQ to the semiquinone; it could be facilitated by water molecules
that penetrate to a certain extent into the SDS micelles [15]. We did not
observe such degradation of BQ in CTAB micelles over the period of the
measurements,

[P i Sy
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DISCUSSION

The incentive for undertaking the present study was to see if micelles
could be used to enhance or retard the rates of the electron transfer reac-
tions involving BPh and BQ or MV"* compared to those found in homo-
geneous solution. We hoped by using micelles to accomplish three important
objectives. First, to increase the effectiveness of quenching BPh* and BPhT
by electron acceptors by reason of the forced proximity of the partners
within the micelle. Second, to increase the rate of separation of the radical
ions by means of specific charge interactions present in the micelle, thus
reducing the adverse effect of fast reverse electron transfer within the radical
pair states. And third, to reduce the rate of recombination f the radical
ions, once they had separated, because one ion would be outside the micelle
while the other would be retained within the inner core.

BPh* is readily quenched by BQ in CTAB micelles, but with a second
order rate constant not appreciably different from those measured in a num-
ber of organic solvents (Table I1). At relatively low BQ concentrations
(Fig. 4), CTAB micelles do not provide an environment that gives more effi-
cient quenching of BPh* than do organic solvents. Quenching is somewhat
Jess effective in ethanol. Alcohols are known to affect the redox potential of
Chl, possibly through complexing to the ring-keto oxygen [26]. Similar
interactions could occur between BPh and ethanol, making BPh a weaker
electron donor in ethanol than in the other solvents. We did not explore this
possibility in detail.

Electron transfer quenching occurs after the acceptor has approached to
within an effective quenching distance of the donor and after the molecules
have reoriented to a position giving the good orbital overlap on which elec-
tron transfer strongly depends [27]. In the region of linear quenching (below
about 30 mM BQ in Fig. 4), diffusion of the reactants to within the critical
quenching distance is generally believed to be the rate-limiting step in homo-
geneous solution. The finding of similar quenching rates in CTAB micelles
and in a number of organic solvents (Table II}) would be explained if the sur-
face region of the CTAB micelle does not restrict movement of BQ toward
or away from the BPh within the micelle. Alternatively there might be com-
pensating effects arising from restricted outward diffusion of BQs preferen-
tially solubilized within the Stern layer, and from inhibition of the necessary
molecular reorientation by the semi-structured micellar environment.

At high BQ concentrations, the fluorescence quenching becomes nonlinear
in all solvent systems studied. As shown by the closed circles in Fig. 4, this
nonlinearity is especially pronounced in CTAB micelles. As stated above, this
effect does not appear to involve the formation of ground state complexes
between BPh and BQ. It does suggest that at high quencher concentrations
more BQ molecules lie within the effective quenching radius of the BPhs at
the time of excitation. The effect would be greater in CTAB micelles because
BQs are preferentially solubilized at the inner surface of the Stem layer (see
above), whereas in homogeneous solution BQs undergo random diffusion.
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These BPh® molecules are “instantaneously’™ quenched upon excitation,
while the remaining ones are quenched by those BQs that must diffuse
before electron transfer can occur. Both types of quenching behavior affect
the fluorescence yield, while only the latter will affect the BPh* lifetime.
These arguments explain the fluorescence quenching and BPh”’ lifetime
reduction measurements shown in Fig. 4, and are consistent with previous
studies on a number of systems [23]. Our results show that only at high
quencher concentrations is electron transfer from BPh* to BQ more efficient
in CTAB micelles than in homogeneous solution.

The observed yield of BPh® in CTAB micelles is about a factor of two
lower than that found in acetone, acetone : methanol (7 : 3), or in ethanol,
judging from the amplitude of the initial absorbance changes at 420 nm fol-
lowing excitation of 20 uM BPh in the presence of 20 mM BQ with 200 ns
flashes (cf. Fig. 3B). Apparently, attractive interaction between BQ ™ and the
positively charged micellar surface hinders, to some extent, ejection of BQ~
into the aqueous phase. In contrast, just the opposite behavior is observed
for the quenching of Chl by duroquinone in SDS micelles, where the duro-
quinone anion appears to be forced into the bulk aqueous phase by repulsive
interactions with the negatively charged micellar surface [17]. One might
expect a similar enhancement of charge separation with MV"" as an electron
acceptor in CTAB micelles, but, in fact, such an enhancement is not ob-
served. The explanation probably lies in repulsive interactions between MV**
and the similarly charged micellar surface that prevent MV'" from getting
close enough to BPh for effective quenching. This finding supports our view
that BPh is solubilized within the micelle and that the quencher must pene-
trate into the micelle or at least into the Stern layer for electron transfer to
occur. In nonpolar organic solvents such as cyclohexane, charge separation
appears not to occur at all due to poor solubilization of the radical ions
(Table II).

The rate of recombination of BPh® and BQ™ is also about the same or pos-
sibly slightly faster in CTAB micelles than in a number of polar organic sol-
vents (Table II). Our observation that the BPh® decay is second order indi-
cates that a BPh' is reduced by a BQ~ different from the one formed in a
particular forward electron transfer reaction. This could occur if the electron
is transferred between BQ™ and other BQs at the inner surface of the micelle
before being returned back to a BPh'. It is also possible that BQ™ escapes
from one micelle and reduces a BPh' in another micelle, but this possibility
is not very attractive in view of the site of solubilization of BQ and the
attractive interaction between BQ™ and the positively charged micellar sur-
face. Experiments using a third molecule solubilized in the bulk aqueous
phase which could reoxidize the BQ™ will be necessary to distinguish between
these possibilities.

Consistent with our results for BPh + BQ in CTAB micelles, it has been
found previously that the rate of recombination of Chl* and MV" in non-
ionic micelles is about the same as in ethano! {16]. Thus, only under favor-
able conditions is the recombination rate of separated ions reduced by the
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micellar environment. We expected the rate of recombination of BPh' and
BQ  to be reduced in SDS (anionic) micelles, because of the possibility that
BQ~ would be ejected into the bulk agqueous phase by repulsive interactions.
As mentioned above this has indeed been observed in the case of quenching
of Chl* by duroquinone in SDS micelles [17]. However, in the present study,
aggregation of BPh and additional chemistry involving BQ in SDS micelles
prevented us from testing this hypothesis. We plan to explore this matter
further in our future investigations of electron transfer in micelies.

CONCLUSIONS

BPh is preferentially solubilized within the inner core of the micelle. Elec-
tron transfer from BPh* to BQ is more efficient in CTAB micelles than in
homogeneous solutions at high BQ concentrations. At low BQ concentra-
tions the quenching rate is about the same in the two systems, and the yield
of charge separated ions is slightly lower in CTAB micelles than in homo-
geneous solution. The recombination rate of the ions that do separate is
about the same or slightly faster in CTAB micelles than in a number of
organic solvents.

Quenching of BPh* by MV"" in CTAB micelles is inhibited by repulsive
interactions between the electron acceptor and the surface region of the
micelle. Aggregation of BPh in SDS micelles is important even at low concen-
trations, indicating that there are some special interactions, involving BPh
and SDS micelles, that do not occur in CTAB. Some thermal chemistry,
involving BQ, also takes place in SDS micelles.

Additional studies with an expanded series of electron donors and accep-
tors are underway to investigate further the effects of various types of
micelles on electron transfer quenching, the yields of ion separation, and the
rates of charge recombination. We also plan to explore further the differ-
ence in reactivity of excited singlet and triplet state electron donors in
micelles, since this difference is important for devising efficient model sys-
tems based on photosynthetic energy conversion.
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We have studied the absorption spectra, emission spectra, and fluorescence excitation polarization spectra of a series
of free base and diprotonated etioporphyrin-1 dimers covalently linked through {CH;), bridges. n = 0-8. The absorption
spectra of the n =0 and n =1 dimers show red shifts, which are largest (=15 mm) for the Soret band of the n =0 dimer.
The Soret bands of the diprotonated dimers 1 = 0-3 show sphitting (=500- 1000 ¢ ') which can be iterpreted by an
exciton model assuming a reasonable geometry. The fluorescence spectra and quantum yields are similar to that of the
monomer, except for the same red shift seen in absorption; however, the n = 0 diprotonated dimer shows an anomalous
vibronic structure. The fluorescence excitation polarization spectra for the n =0 and the n = 1 dimers differ subslantially"'
from the monomer; the dimers n = 3 have fluorescence excitation polarization spectra that suggest that some of the
excitation stays localized in one moiety while the rest hops to the dimer partner.

1. Introduction an electron to the primary electron acceptor via
one or more intermediary electron carriers. In

{Bacterio)chlorophyll and related pigment reaction centers isolated from photosynthetic

molccules serve several important functions in bacteria, the primary donor appears to be a

the photosynthetic process. Antenna (bacterio)- special pair or dimer of bacteriochlorophyll

chlorophylls absorb the incident light and trans- molecules [1-4]. It is believed that special elec-

fer the excitation encrgy to photochemically tronic properties resulting from the excitonic

active pigment-protein complexes, called reac- interactions within this dimer contribute to its

tion centers, where the initial charge separation important role in the charge separation process.

process takes place. In the reaction center, the For example, exciton splitting in the excited

harvested energy promotes a primary electron singlet state gives the dimer two absorption

donor to an excited state, which then transfers bands, one of which is lower and the other

® Prescnt address: Department of Chemistry, Washington higher in energy than the corresponding
University, St. Louis, MO 63130, USA. monomer. The low energy component makes

$ Present address: Department of Physics, Umiversity of the dimer an effective trap for the energy
Waikato, Private Box. Hamilton, New Zealand. harvested by the antenna pigments. Once the

0301-0104/81/0000-0000/$02.50 © North-Holland
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electron is transferred from the dimer to the
subsequent electron acceptor, a motecule of
bacteriopheophytin in bacterial reaction centers
{5, 61, the unpaired electron is delocalized over
the large = systems of both molecules of bac-
teriochlorophyll [1-3, 7]. Such delocalization
may be important for the fast rate of the for-
ward reaction and for hindering unwanted
reverse electron transfer that would otherwise
reduce the overall yield of the charge separation
process {5, 8]. Similarly, chlorophyfll dimers have
been proposcd as electron donors in plant reac-
tion centers [6]. Thus, it is importamt for devis-
ing useful model systems based on photosyn-
thetic encrgy conversion that we understand the
eftects of dimer formation and exciton interac-
tions on the electronic properties of porphyrin
complexes.

Several modcls have been proposed for the
chlorophyll special pair [9-14], and theoretical
calculations based on exciton interactions have
been given to account for its observed spectral
features {15-18]. General theories of exciton
interactions [19-24] and applications for por-
phyrins [25-31] and a varicty of pigment com-
plexes [32-34] in both solution and the solid
phase are given elsewhere.

In the context of understanding the photo-
physics of the special pair, model systems of
simpler porphyrin dimers are attractive for
spectroscopic and kinetic studies, because of the
flexibility of incorporating specifically desired
structural features during the synthesis {35-<40).
These complexes, and particularly mixed metal
dimers. offer the possibility of isolating the fac-
tors affecting the rates of energy and electron
transfer from one porphyrin ring to another
{41-44]. We hope to carry out such studies in
the future. However, before the photophysics of
more complex dimers can be understood, it is
useful to have results on the simplest type of
dimers. In this paper we present studics on the
absorption, fluorescence, and fluorescence
polarization of a series of free base porphyrin
dimers joined by a single hydrocarbon chain of
variable length. We also give some idealized
exciton calculations to account for the observed
spectra.

2. Experimental

Etioporphyrin 1 (2,7,12,17-tetracthyl-
3,8,13,18-tetramethyl porphyrin) dimers (fig. 1)
were synthesized as previously described [35].
These were further purified by thin-layer
chromatography on silica gel with CH,Cl, as
eluent.

Fluorescence, fluorescence excitation, and
fluorescence excitation polarization spectra were
measured on a Farrand MKI spectrofluorometer
interfaced to a Southwest Technical Products
Corporation 6800 microcomputer. Intensity
readings were taken via an cight bit A/D con-
verter interface, with stepping-motor driven
wavelength scans controlled by the microcom-
puter. Spectra were not corrected for variations
of the excitation intensity or the detection sensi-
tivity with wavelength: these variations were not
very large and were not important for our
study. Further details of the construction and
operation of this apparatus are given elsewhere
[45]). Absorption spectra were taken on a
Varian Superscan [l spectrometer.

Room temperature fluorescence and excita-
tion spectra were measured in CH;Cl; in 1 cm
square cells using 2.5 nm bandpass slits in the
fluorescence or excitation path depending on
the spectrum being taken, and S nm bandpass
slits in the alternate path. Optical densitics were
adjusted to 0.1 at 500 nm for excitation in the
visible region and to 0.1 at 400 nm for spectra
in the Soret band to avoid front-face effects.
Scattered light was negligible.

Liquid nitrogen temperature spectra were
measured in a Dewar assembly with samples in

Fig. 1. Basic structure for etioporphyrin based covalently
linked dimers with n = 0-8. The n = 0 dimer contains a
direct link between the rings.




R. Selensky et al. [ Spectra of covalently-linked porphyrin dimers 3s

EPA (ethy! cther:pentane:ethnol =5:5:2 by
volume) in 4 mm i.d. round tubes adjusted to
the optical densities given above. Excitation
polarization spectra were taken under these
conditions and at S nm intervals with rotatable
quartz disk polarizers in the excitation and
emission beams, which were at 90° 1o one
another.

The degree of fluorescence polarization was
calculated from the formula

_ L, — Ln(In/ Inw)
P Lo+ Liln/ L)

where [,y is the relative fluorescence intensity
measured on the spectrofuorometer with verti-
cally polarized excitation light and horizontally
polarized emisston light. The intensity readings
with other combinations of excitation and
emission polarizers are similarly defined. The
quantity (I,./ ) corrects for the instrumentally
induced contribution to the observed degree of
polarization as previously described [46]. All
fluorescence excitation polarization spectra rep-
resent the average of the results for two or
three measurements.

Fluorescense lifetimes were measured by

exciting the samples with a picosecond dye laser
and determining the fluorescence response using

time-correlated single photon counting. A
detailed description of the apparatus and the
deconvolution and data analysis procedures has
appeared elsewhere (47].

3. Resulits

3.1. Fluorescence and excitation spectra of free
base compounds

Room temperature fluorescence spectra in
CH;Cl; with excitation in the Q,-(1, 0) band at
500 nm (OD =0.1) are shown in fig. 2. The
peak of the major fluorescence band, Qx (0, 0),
in the n =0 dimer is shifted by 5 nm to the red
of the position in the monomer. The n = 1-8
dimers are red shifted by progressively lcss
amounts (last column of table 1). The same
fluorescence spectra are obtained upon exciting

T T T T
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Fig. 2. Room temperature fluorescence spectra for the
etioporphyrin monomer and for the n =0, n=d and n =7
dimers. Molecules were excited at the Q, 11, 0} absorbance
maximum. Peak wavelengths for all free base spectra are
histed in table 1.

in the other visible {Q) bands or in the Soret
(B) band

Room temperature excitation spectra
obtained by monitoring at the peak of the
Qx (0, 0) fluorescence band are shown in fig. 3.
The same spectra are obtained by monitoring
the Qx (0, 1) band at 688 nm and all excitation
spectra are found to be identical within error to
the absorption spectra (table 1 and ref. [30]).
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Table |
Peak wavelengths for free base compounds ™'

Compound Temp. (K}  Absorption or excitation

B0, 0) QyilL0) Q40,00  Qx(1,0}  Qx0.00  Qxt0,0)™
etio monomer 2938 401 500 533 568 622 622
77 401 496 529 567 619
dimers
n=0 298 416 508 539 570 625 627
77 414 504 542 570 626
n=1 298 410 503 536 570 624 625
A 407 498 §32 S68 622
n=13 208 402 o hRE S6R 624 624
77 4004 497 §29 S66 621
n=4 298 402 S01 534 569 623 624
77 402 496 529 S66 620
n=9% 298 402 501 534 S69 623 624
77 402 496 §29 566 620
n=6 298 401 500 RRX] S68 623 623
77 401 497 531 S67 620
n=7 2098 401 <00 533 S68 623 623
77 401 496 529 566 620
n=8 298 401 S00 hRK] S69 622 623
77 301 496 529 567 619

*' 298 K spectrain CHLCly, 77 K spectra in EPA; wavelengths in nm,

.1}
Fluorescence.

As in the fluorescence spectra, the maximum
red shifts in the excitation spectra are observed
for the n = 0 dimer. This is particularly notice-
able in the Q4 (1,0) band at 500 nm and in the
Soret {B) band which was shifted from 401 nm
in the monomer to 416 nm in the n =0 dimer.
Liquid nitrogen temperature fluorescence and
excitation spectra are closely similar to those
obtained at room temperature, except for some
narrowing and a small blue shift of the bands
(table 1, see also tig. 6B). The peak wavelengths
of the Soret bands are naot shifted significantly
from the monomer except for the n =0 and n =
1 dimers. For the n =0 dimer, the pecak of the
Soret band is shifted to 414 nm from 401 nm in
the monomer at 77 K. The liquid nitrogen tem-
perature fluorescence and excitation spectra
show the same trends found in the room tem-
perature spectra: maximum deviation from the

. R . L]
monomer i1s observed for the n =0 dimer (direct

link) and when the separation of the rings is
progressively increased to eight carbon atoms
the spectra look more and more similar to the
etioporphyrin monomer. (The n =2 dimer was
the least roluble of all members of the series
and will not be discussed in detail here.
However. all of our measurements indicate that
spectral shifts from the monomer were less for
the n =2 than for n =0 or n = 1 dimers.)

We had ditficulty in determining accurately
the relative fluorescence yields of the monomer
versus the dimers. There appeared to be a smail
variable amount of a nonfluorescing or a very
weakly fluorescing impurity that was ditficult to
remove completely by column or thin-laver
chromatography. The relative fluorescence
yields along the series changed upon each
purification step, but the maximum quenching
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Fig. 3. Room temperature excitation spectra in CH,Cl, for fluorescence detected in the Qx (0, 0) emission band. Scattered

light was negligible.

always occurrcd in the n =4 dimer. For the
purest samples we obtained. this corresponds to
a reduction in fluorescence of about 30% for
the n =4 dimer versus the monomer. Although
variations occur along the series, the other
dimers exhibit a reduction in fluorescence com-
parcd to the monomer that is less than this
value.

A second estimate for the quenching of the
lowest excited singlet state of the dimers was
obtained by measuring the fluorescence life-
times. To minimize the eflects of impurities,
excitation was in the moderatly strong Qx (1, 0)

band at 575 nm (the shortest wavelength to
which the laser could be tuned), and the
emission was detected at 625 nm, the strong

Qx (0, 0) Auorescence band. The fluorescence
decay curves were consistently monoexponential
yielding a single fluorescence lifetime. The
results of these measurements are summarized
in table 2. Note that each value is the mean of
several measurements. The trend in the fluores-
cence lifetime is in general similar to that obser-
ved in the fluorescence quenching measure-
ments, with a2 15% shortening in the lifetime for
the n =4 dimer, and much less for the other
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Table 2
Fluorescence lifetimes in CH;Cl; at room temperature

Compound Lifeume (ns) Reduction (%)
etio monomer 10.75£0.23 {0)
dimers

n=0 989+0.11 8
n=1 10412011 3
n=3 9.89+0.05 8
n=4 9.14+0.09 15
n=S$ 10.14+0.02 6
n=6 1041 +00S§ 3
n=7 10.44+0.03 3
n=8 10.471£0.03 3

dimers. The ditference between the 15% reduc-
tion in fluorescence lifetime and the 30%
reduction in fluorescence yiel. we tend to
ascribe to impuritics.

These results indicate that excited state
guenching ts not very pronounced in the dimers
compared to the monomers. Similar observa-
tions were made on several cofacial u-oxo
bridged scandium porphyrin dimers, where
within experimental error no fluorescence
quenching compared to the monomer was found
[31]

3.2. Fluorescence and excitation spectra of
diprotonated compounds

Addition of a small amount of trifluoroacetic
acid (TFA) to a CH.Cl, solution of the free
basc etioporphyrin monomer results in the pro-
tonation of the remaining two nitrogen atoms in
the center of the porphyrin macrocycle. This
effectively changes the symmetry of the
molccule from D3y, to Dgs. In the visible region,
the spectrum collapses from a four-banded to a
two-banded spectrum, as occurs when the free
base porphyrin is converted to a metal complex
[48]. This effect is clearly scen in the excitation
spectra of the etioporphyrin monomer and
dimers in a 1% TFA solution in CH,Cl, (fig. 4),
and also in the absorption spectra [30]. As in
the free base case, red shifts from the monomer
are observed in the diprotonated dimer excita-
tion spectra (fig. 4) and fluorescence spectra
(fig. 5). In the excitation spectra, the Q(1, 0)

absorption band is red-shifted 8 nm in going
from the monomer to the n =0 dimer. The
Q(0, 0) band is red shifted by 12 nm both in
absorption and in fluorescence. These spectral
shifts are roughly twice as large as those
described for the free base n =0 dimer (no TFA
added). The vibrational structure in the fluores-
cence spectrum of the diprotonated n =0 dimer
is also different from the monomer and the
other dimers shown in fig. 5, having an
anomalous reduction in the intensity of the
Q(0, 1) band relative to Q(0, 0). However, for
the dimers other than # =0 and n =1 only
minimal spectral shifts from the monomer are
observed (table 3).

The most dramatic effect in the spectra of the
diprotonated series is the split Soret band
observed in the #n =0-3 dimers [30). In the n =
0 dimer these occur at 409 and 425 nm (fig. 4).

3.3. Fluorescence excitation polarization of free
base compounds

Fluorescence polarization spectra can be use-
ful for measuring the angle of the emission
oscillator with respect to the excitation oscillator
and in determining the importance of energy
transfer between rings in a dimer. Such spectra
permitted resolution of the two exciton com-
ponents in the Soret region of several u-oxo
Sc-porphyrin dimers [31].

Therefore, we measured the polarization ratio
for excitation in the Soret and visible bands of
the free base monomer and dimers with fluores-
cence detected in the Q(0, 0) band at 625 nm.
These spectra were taken in EPA glasses at
77 K. The results for the monomer and n =0
and n =1 dimers are shown in fig. 6A, and for
the n =3 and n =7 dimers in fig. TA. Maxima
and minima in these spectra should be com-
pared with the peak wavelergths in the 77K
excitation spectra shown in figs. 6B and 7B and
listed in table 1.

All spectra of figs. 6A and 7A exhibit a low
positive polarization ratio at the peak of the
Soret B(0, 0) band near 400 nm. In the
monomer spectrum the polarization ratio
increases to a value of 0.3 at 435 nm on the

_Tans.
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{normalized)

INTENSITY
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EXCITATION WAVELENGTH (nm)

Fig. 4. Room temperature excitation spectra in CH,Cl; + 1 drop TFA, the fluorescence detected in the Q(0, 0) emission band.
TFA causes diprotonation of the remaining two nitrogen atoms in the center of the porphyrin rings. Peak wavelengths for all
diprotonated compounds are listed in table 3.

1 long wavelength side of the Soret and then value of ~0.18 near the maximum of the
decreases to 0.1 at 475 nm, the trough between Qv (0, 0) band. The polarization ratio
the B(0, 0) and Q- (1, 0) bands. The monomer approaches a positive value of 0.4 or greater in
spectrum progresses to a large positive polariza- the Qx (0, 0) band from which the fluorescence
tion ratio of 0.33 on the long wavelength side is monitored, broken by a series of small posi-

of the Qy(1,0) band and then dips to a negative tive changes through the Qx(1, 0) region.

- =Y .
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Fig. S. Room temperature fluorescence spectra for dipro-
tonated compounds excited in the Qtl, U) absorption band.

The polarization spectra of the n =3 and n =
7 dimers (lig. 7) arc similar to the ctioporphyrin
monomer except for a general “collapse™ of the
polarization ratios. Polarization spectra for the
n =4-6 dimers lie between the spectrum of the
n =3 dimer and that of the n =7 and n =8
dimers, whose spectra are essentially the
same.

The situation is somewhat ditferent for the
n =0 and n =1 dimers. In the case of the n =0

Compound Absorption or excitation Fluorescence
B(0,0) Q(1,00 Q0,00 Q0,0)

etio monomer 401 547 594 596

dimers

n=0 409 558 606 608
425"

n=1 402 553 600 601
422™¢

n=23 402 549 96 98
1

n=4 401 547 596 596

n=95 402 548 596 597

n=6 402 548 596 596

n=17 402 548 596 596

n=8 402 549 595 596

*' 298 K spectta in CHLCly + 1% trfluoroacetic aad (TFA),
wavelengths in nm.

Doublet

Definite shoulder near 395 nm not present in monomer,
see also fig. 2 of ref. [30].
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dimer shown in fig. 6, the polarization ratio on
the long wavelength side of the Soret band
reaches the same positive value of 0.3 as for the
monomer, but at a wavelength 15 nm to the
red. at 450 nm. The peak of the B0, 0} absarp-
tion band is shifted to longer wavelengths by
about the same amount (hg. 68 and table 1),
The polarization ratio remamns more positive
across the remainder of the spectrum with some
minor maxima and minima occurring near the
peaks of the visible bands. However, the
polarization ratio is almost zero in the region of
the B(1, 0) band near 370 nm, being lower than
that observed for the other members of the
serics.

The polarization spectrum of the n =1 dimer
(fig. 6A) is more similar to the spectra of the
n =23 and n =7 dimers than it is to that of the
n =0 dimer; there is a general collapse of the
polarization ratios across the spectrum from
those observed in the monomer. However, the
polarization maximum on the long wavelength
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Fig 6.« A) [ ow temperature fluorescence excitation
polarization spectra in EPA glasses with enussion detected
in the Qx (), band (=620 nm). (B Low temperature exci-
tation spectra in EPA plass detected in the Qy (6, 0) fluores-
cence band. Data for monomer and dimers # =0, 1, [Scat-
tered light prevented study of the Qx (0, 0) band in the exci-
tation spectra.]

side of the Soret band in the n =1 dimer is
slightly red shifted from the corresponding peak
in the monomer spectrum, but to a lesser
degree than observed in the case of the n =0
dimer (fig. 6A). This probably reflects the red
shift of the Soret band maxima in the excitation
spectra of the n =0 and n =1 dimers, as seen in
fig. 6B. Thesc results suggest that ring interac-
tions are significantly less in the n =1 dimer
than in the n =0 dimer.

The fluorescence polarization spectra of
fig. 6A are in agreement with our other spectral
observations that maximum deviation from the
monomer occurs in the # =0 and n =1 dimers.
This clcarly suggests that maximum ring interac-
tion occurs in these members of the series.
More detailed interpretations of the polarization
data are given in section 4.
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FLUOR EXCITATION

350 4350 550

WAVELENGTH (nm)

Fig. 7. (A} Low temperature fluorescence excitation
polarization spectra in EPA glasses with emussion detected
in Qx(0,0) band {=620nm). (B) Low temperature excita-
tion spectra in EPA glass detected in Q4 10, 0) fluorescence
band. Data for monomer and dimers n =3, 7.

4. Discussion
4.1. Theory

A general theory for exciton interactions in
porphyrin dimers was presented previously and
used to discuss spectral observations on several
u-0x0 scandium porphyrin dimers [31). The
interaction between two transition dipoles pa
and pp on moictics A and B scparated by a dist-
ance, R, can be expressed as follows
(15,17, 19, 31}

V= [[LA ‘g 3(|I.A . R.AB)UIA * R‘AB)]/R)'

(la)
V =FeM?/R. (1b)

Here Ii,m is the unit vector from the center of §
porphyrin A to the center of porphyrin B. The
dipoles have magnitude |u| = eM, where M is
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the transition moment and ¢ is the electronic inhomogeneous solvent kroadening. Thus, for
charge. (We assume both moteties are identical {Sc(OEP)}];0 the peak uf the Soret band is blue
in setting |ua! = [uy') All of the geometrical fac- shifted by 11 nm (strong symmetric component)
tors have becn lumped into the factor F in eq. with a red tail out to 480 nm (weak antisym-
(1b). Thus, the exciton inter~ction 1s propor- metric component), while the Q bands are only
tional to the square of the wonomer transition slightly red shifted and broadened [31]. Similar
moment M. It should be noted that eq. (1) is spectral features have heen observed for other
based on the dipule- dipole approximation which cofacial porphyrin dimers {37-39].
may fail at cery small R
The effect of this dipolar coupling is to pro- 4.2. Edge-on porphyrin dimers (Sorer bands)
duce symmetric and antisymmetnie combinations
of the individual monomer excuted states, [viat The relative geometry of the two porphyrin
Uu)/v 2. The detailed geometry of the dimer rings for the dimers studied here is not con-
will determine the magnitude and direction of strained as in the u-oxo dimers [31]. Probebly
the transition dipoles [a + ]/ V2 as well as the only constraint is that for the shorter dimers
the energy splhitting hetween the states, 2V. The {n < 4) a cofacial gecometry is impossible. Since
intensities of the absorption bands correspond- the largest deviations from the monomer occur
ing to the two transitions can be expressed as: in the n = 0 dimer and since it has the most
+_ ag? constrained gcometry, we shall treat that case
I =MT12fB))/2. (2) first and then go on to the others in the series.
where f(B) is a function of the relative orienta- At the top of fig. 8 we present the Soret
tions of the imeracting dipoles. For coplanar bands observed in the room temperature excita-
interacting dipolces titted from one another by tion spectra of the monomer, the frece base (Hy)
an angle 26, fiB)=cos (26). n =0 dimer, and the diprotonated (Hy) n =1{)
Cofacial porphyrin dimers: The simple exciton dimers. Fig. 8 also shows three idealized
theory just presented is more complicated in geometries for the n =0 dimer. These are based
porphyrins because with square symmetry the on structures assumed by LaPine space filling
{m, 7*) allowed excited states are doubly models. For cases 1 and 3 the models show that
degenerate. Thus dimer formation leads to a the two rings are not strictly coplanar with the
four-fold degeneracy in zeroth order. This prob- Y, Y' and X, X' axes strictly parallel as ideal-
lem was considered for the u-oxo bridged scan- ized in fig. 8. For case 2 the models show that
b dium porphiyrin dimer [31]. It was shown that the rings are not quite aligned with axes Y and
for geometrics where the porphyrin units are Y' mutually perpendicular with both perpen-
close to face-to-face (cofacial), the interaction dicular to X paralle] to X'. However, with the
] among the four-fold degenerate states factors idealized geometries of fig. 8 the exciton coup-
into two pairs of interacting states. The resulting ling factors into interactions between X, X' and
exciton states are then (X% Xpn)/V2 and Y, Y' pairs except for case 2, where Y and Y’
3 (Yazx Yp)/V2, with I x and 15 strongly are non-interacting. Thus these structures are a
allowed and Iy and Iy weak or forbidden. If the useful starting point for our discussion.
dimer lacks full square symmetry the X and Y For the free base case the exciton coupling of
polarized states will have somewhat different the Soret states is extremely complicated as the
energies and intensities. Furthermore, since the states B, and B, defined with regard to the pro-
exciton interaction depends on the square of the ton axes are not degenerate [48-50). Further-
transition moment M [eq. (1)), generally only more, there is no reason to believe that the pro-
the strong Soret (B) band is atfected by exciton ton axes are oriented with regard to the ring-
interaction in porphyrin dimers. For the weak ring link. Thus there are several tautomeric
visible (Q) bands. the result of ring interaction structures each with different exciton coupling

is smaller than other effects such as among the four monomer Soret states. It is then

JUT,
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Fig. 8. Geometries and corresponding stick absorption
spectra calculated for the diprotonated cation from exciton
theosy for the 1deahized geometries shown on the left. Cases
1 and 3 have the nings coplanar; for case 2 the right hand
ring is perpendicular to the page. The stick spectra do not
include any “'solvent shift’” term. See text. The observed
room temperature excitation spectra of the monomer and of
the free base (FH ) and diprotonated (H,) n = 0 dimers are
presented at the top.

not surprising that the n =0 free base dimer
Soret band looks much like that of the
monomer with an extra skewed broadness (figs.
3 and 8). That the dimer peak shows a red shift
of 15 nm (table 1) from the monomer is attribu-
table to the “‘solvent effect™ of the dimer
environment; i.e., the D term in eq. (23) of

ref. [31].

The diprotonated n =0 dimer is easier to
treat than the free base dimer since the X and
Y dircctions are equivalent in each ring. Hence
we can choose these directions as defined by the
dimer structure, as was done for the u-oxo
dimer [31] and as shown in fig. 8. The stick
spectra show the pattern of absorption intensity
calculated by eqs. (1) and (2}, neglecting any
“solvent shift term’ from the monomer peak at
401 nm. All three cases show a split Soret band
with the two bands having equal intensity.
Using the space filling models we estimate
Ran=9 A for cases 1 and 2 and RAp=10 A
for case 3. The result is a calculated splitiing
between allowed Soret bands of 20, 13, and

14 nm for cases 1,2, and 3, respectively. The
observed peaks at 409 and 425 nm (table 3) are
most consistent with case 3 if the exciton coup-
ling is calculated with respect to the shifted free
base dimer at 416 nm. Case 2 would also fit the
data if a somewhat smaller solvent shift than the
free base is assumed. However, the exciton
splitting calculated for case 1 is too large.

The diprotonated dimers n =1 and n =3 con-
tinue to show Soret splitting. In addition,
spectra for the diprotonated n =1 and n =3
dimers show a definite shoulder of reasonable
intensity near 395 nm not present in the
monomer nor in dimers with n > 3. The splitting
of the Soret bands for the n =0, 1, and 3 dimers
is 92C, 1180, and 545 cm ™', respectively.
Molecular models suggest that the n =1 dimer
is more constrained than the n =0 dimer, and
the observed exciton splitting suggests that Rag
is shorter. The models suggest that a distorted
geometry resembling case 2 is the most likely
for n = 1 dimers. For n = 3 dimers, molecular
models allow case 3 with Rap =12 A. This leads
to a calculated exciton sphitting of 520 em™,
which is quite consistent with the data. For n =
4 dimers, molecular models allow case 3 with
Ran=14 A, and the exciton calculation gives a
Soret splitting of 309 cm™'. At this size the
splitting is comparable to the monomer
linewidth, and so the Soret band becomes single
again. It would secem from the data that the sol-
vent shift term also declines quickly as Rap gets
large, so that the optical spectra look like
independent units in the Soret band for n > 4.

4.3. Edge-on porphyrin dimers (visible bands)

The exciton splitting in the visible bands is
substantially less than in the Sorect bands
because M? is substantially lower. It should be
noted that AM? for the strongest band, Q,(1, 0),
is divided among several vibronic bands so that
a weak coupling case is expected {22] The M?
values for Q,(0, 0) and Q,(0, 0) are, respec-
tively, about 20 and 80 times smaller than for
the B band [48). Thus exciton splittings of
60 cm ™' or less are expected even in the largest
case [Q, (0. 0) for case 1 of n =0]. The main
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obscrved effect of dimer formation is the sol-
vent shift term apparent for the n =0, 1, and 3
dimers. For the diprotonated dimers the visible
solvent shift is roughly half that of the Sorct
band. For the free base dimers the solvent shift
of the Q, bands is about one-third, and that of
the Q. bands about one-fifth that of the Soret
bands. Qualitatively it would appear that the
solvent shift follows the size of the exciton
coupling. A theory of the solvent shift term is,
however, not yet developed.

4.4. Fluorescence specira and quantum yields

We observe in these dimers essentially the
same amount of fluorescence as in the
monomer; i.e., there is no extra quenching. The
fact that the lowest energy visible exciton states
are allowed with edge-on geometries may play a
role here. This is to be contrasted with the case
of cofacial dimers where the lower energy
exciton state is forbidden, so that a decrease in
fluorescence yield is expected especially at lower
temperatures. The question of fluorescence
quenching in the dimer is an interesting one;
quenching is sometimes observed [38, 39] and
sometimes s not {31, 38}, even though the
apparent exciton splittings are about the same.

Another interesting effect is the anomalous
vibrational structure of the fluorescence spec-
trum of the diprotonated n =0 dimer (fig. 5).
The underlying structure centered near 620 nm
is absent and the intensity of the Q(0, 1
emission band is about half that observed in the
other molecules. The etfect does not occur in
the diprotonated # = 1 dimer nor in the fluores-
cence spectrum of any of the free base com-
plexes. The reason for this etfect is unclear at
present.

4.5. Fluorescence polarization spectra

Theoretical groundwork for discussing por-
phyrin fluorescence excitation polarization
spectra has been given previously {49, 50). The
lowest energy porphyrin visible absorption
band, and thus the emission arising from this
state, is expected to be polarized parallel the

proton axis, which is called the X axis [48-50].
To obtain the polarized excitation spectra, we
monitored the Q. (0, 0) emission at 619 nm in
low temperature EPA plass (fig. 6). A polariz-
ation ratio approaching +0.4 or greater is
observed in the monomer as the excitation is
scanned into the Qx (0, 0) absorption band.
Scattered light prevented us from determining
the maximum polarization ratio in this region
and from rcsolving the low temperature

Q« (0, 0) absorption band (fig. 6B). As expected
[49]. the monomer polarization spectrum reache:
its most negative value near the peak of the

Q4 (0, 0) absorption band. The Q,-t1, 0) absorp-
tion band centered at 496 nm is predominantly
X polarized, judging from the +0.33 polarniz-
ation ratio observed at this wavelength, and the
Qx« (1, 0) is predominantly Y polarized, judging
from the polarization ratio below 0.14 (fig. 6A).
Perrin et al. [51] considered vibronic borrowing
in porphyrins using a cyclic polvene model.
They noted: "'Since there are two vibronically
active b,, modes and only one a, mode. it fol-
lows that there should be more Y than X
polarization in Qx {1, M. .." Similarly, there
should be more X than Y polarization in

Q. (1, 0, particularly since the lower encrgy
Soret band, from which it borrows intensity, is
X polarized. The X polanization of the lower
energy Soret band is expected theoretically [50]
and is evidenced experimentally in the +0.3
polarization ratio observed near 425 nm in the
monomer (fig. 6A). A dip in the polarization
spectrum at the peak of the monomer Soret
band at 401 nm indicates significant Y polariz-
ation in this region.

The n = 1-8 dimer polarization spectra, when
compared to that of the monomer ttigs. 6A and
7TA) suggest a general collapse to a value of p,<
0.15. In an attempt to quantify this collapse, we
related the dimer polarization spectrum p,(A) to
the monomer polarization spectrum pq(A) by
the equation

(A} = fupmlA Y +{1 = fidpon. (3)

In eq. (3) we assume that a fraction f, of the
light comes out polarized as in the monomer,
and a fraction {1 - f,) comes out with constant

iskl
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polarization p,,.. A least-squares fit was carried
out using 26 wavelengths taken at 10 nm inter-
vals from 350 to 600 nm. The result of these fits
is given in table 4. As can be scen by the mag-
nitude of the standard error, the poorest fit is
for the n =0 dimer; the fits are otherwise fairly
good. The data may then be interpreted as fol-
lows, using the n =7 dimer as an example: 33%
of the photons are emitted as in the monomer,
while the remainder come out with an average
angle a between absorption and emission such
that [49]}

Por ={3(cos” a) = 1/(cos’ a)+3) =0.087, ()

giving (cos’ a) = 0.40, the average cosine
between absorption and emission dipoles. If the
excitation hopped between monomer units
oriented as in case 3 Ifig. 8) and the proton axes
were randomly distributed in each moiety, the
hopped excitons would be randomly emitting in
a plane, giving (cos’ @) =} and p,=0.143. The
same assumption assuming random emission
from the dipoles oriented as in case 2 (fig. 8)
gives (cos’ a) =4 and po = —0.077. Thus for
dimers n = 1-8 we can interpret the polarization
spectra as indicating that between 3 and 1 of the
absorbed photons are hopping between units
that are oriented somewhere between cases 2
and 3.

The n =0 polarization data is less structured
than the monomer and is relatively more
different from the monomer than the polariz-
ation data for the n = 1-8 dimers. Qualitatively
this is consistent with greater interaction

Table 4
Least-squares fit of polarization Jdata *'

Dimer (n) f t1-fpan Pon

0 0.379+0.150 0.117£0.028 0.188
i 0.390+0.078 0.056£0.018 0.092
3 0.527+£0.031 0.004 £ 0.008 0.008
4 0.333+ 0044 0.069 2 0).008 0.103
L] 0.487 £ 0049 0.043£0.009 0.084
6 0.485+0.092 00790017 0.153
7 0.329+0.039 0.038 £0.007 0.087
8 0.478£0.063 0.064£0.011 0.123

*' See £q. (3). The standard error is indicated.

between the monomer moicties. The n =0
polarization data tends to center around p =
0.14, a value more consistent with the coplanar
dimers of case 3 than with the perpendicular
dimers of case 2. It would be helpful to have
fluorescence polarization spectra of the n =0
and n =1 diprotonated dimers because of the
splittings observed (fig. 4), but we could not
obtain good low temperature glasses due to the
added TFA. We tried to take spectra in gly-
cerol, since rotational depolarization is minimal
in this solvent cven at room temperature, but
broad absorption spectra were obtained in this
case.

§. Conclusions

We have studied the electronic spectra of a
serics of etioporphyrin dimers bridged by a
single hydrocarbon chain of variable length. The
experimental results show (1) very little quench-
ing of fluorescence; (it} a red shift of the spectra
that, for a given band, decreases with increased
length of the bridge and, for a given dimer,
decreases with decrcased absorption strength of
the band {i.e. BiO, > Q (0, 0) > Q (0, (h]: i)
a splitting of the Soret band in the case of the
diprotonated species, which can be explained by
an exciton coupling model assuming a reason-
able geometry for the rings: (iv) a substantial
change in the fluorescence excitation polariz-
ation spectra of the various dimers from that of
the monomer. The fluorescence polarization
data for the n =0 frece base dimer show sub-
stantial interaction between the rings. For the
chains with n =1 the data can be qualitatively
explained by assuming 1 1o § of the excitation
stays localized in each moicty, while the remain-
ing excitation hops between the covalently
linked moieties.

We are planning to extend these studies to
doubly-linked and mixed-metal porphyrin
dimers, specifically designed to have large exci-
tion splittings. We hope to study increasingly
complex systems that more closely rescmble
those known to be so important in photosyn-
thesis and in other biological processes.
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